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FOREWORD 


In September 1966, the then Ad Hoc Guidance and Control Panel of AGARD (Advisory Group 
for Aerospace Research aud Development of the North Atlantic Treaty Organisation) held its 
first symposium in Paris on the subject of man machine interactions in guidance and control 
systems. In March 1967, the Panel held its second symposium, also in Paris, on the subject 
of reliability aspects of guidance and control systems. By the end of the second symposium 
the significance and growth potential of this new Panel activity of AGARD was rather clearly 
established and this was amplified by the large attendance and great interest shown by 
attendees at the next two Panel symposia. The first of these was heid in Oxford, England, 
in September 1967, and its subject was “Inertial Navigation: Systems and Applications”. 

The second was held in Braunschweig, Germany, in May 1968, and its subject was “Inertial 
Navigation: Components”. During this same time the Guidance and Control Panel was taken 
off ad hoc status and given full fledged status as one of the AGARD Panels. 


This volume of Symposia Proceedings of the Oxford and Braunschweig meetings represents 
the first publication uf the Guidance and Control Panel. The reader will find contained 
herein coverage of the broad areas of inertial navigation: components, systems and applica- 
tions. Fourteen papers were presented at the Oxford Symposium and all but two of these are 
included here as indicated in the table of contents. Twenty-one papers were presented at 
the Braunschweig Symposium and all but three of these are included here, also as indicated 
in the table of contents. 


It is a pleasure to express gratitude to a number of people who made these Panel Symposia 
Proceedings possible. First of all, a great deal of credit must be given to Professor 
W. Wrigley, who in his tireless efforts as the first Chairman of the Guidance and Control 
Panel, was the person most responsible for establishing it as a full fledged AGARD Panel. 
These published Proceedings are. of course, one of the fruits of his efforts. 


Professor B.Fraeijs de Veubeke, as the first Panel Vice Chairman. and Mr H.G.R.Robinaon, 
the present Panel Vice Chairman, deserve a great deal of credit aiso for the development of 
the Panel’s programs and activities. To Mr H.G.R.Robinson, Chairman of the Oxford Symposius, 
and to Leonard Sugerman, Colonel USAF, Cha‘raan of the Braunschweig Symposium, goes the 
credit for developing the programs of these symposia. A great dew! of credit must also be 
given to Mr Frank Sullivan for his important contributions to Panel activities and to the 
development of these Proceedings. Appreciation is also expressed to Professor G. Whitfield 
and to Monsieur 1’ Ingénieur en Chef G.Bonnevale, who in their capacity as Panel Associate 
Editors. provided valued assistance in the development of these Panel Proceedings. Finally. 
gratitude is also eapressed to the British Government for offering to serve as the host 
country for the Oxford Symposium and to the Government of the Federal Republic of Gerwany 
for hosting the Braunschweig Sysposium. The facilities in both instances were excellent 
and contributed significantly to the success of bu'h Symposia. 


C. T. LEONDES 


Editor 
Guidance & Contro] Panel. AGARD 
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INERTIAL PRINCIPLES IN NAVIGATION AND GUIDANCE 


C.S. Draper 


1. INTRODUCTION 


Navigation is the process of purposefully determining motion so that desired objectives 
are achieved. activity of this kind has been among the important endeavors of man for the 
many thousands of years he has traveled on foot, with animals, with sledges, with wagons, 
in canoes, in boats and in sailing vessels. Modern times have intensified the need for 
always higher performance from navigation as the technology of transportation has expanded 
to include power driven ships, subsonic and supersonic airplanes, helicopters, VTOLs, 
orbiting capsules and soon-to-come craft for travel] between the earth and the moon with 
perhaps the planets ahead within a few decades. 


Moving entities incorporating means for changing speed and direction are essential for 
accomplishing desired results by reaching selected destinations. The function of navigatior 
is to determine the modifications in motion needed to cause the entity involved to follow 
a path that results in mission success. The action pattern that must be carried through 
in order to realize these results may he considered in terms of five functions: 


1. Selection of desired results and the generation of procedures for their achieve- 
ment through plans and programs which give the necessary position, speed, direction, 
etc., as functions of time in a convenient reference space. 


ta 


Determination of the actual situation at known instants of real time. 


3. Comparison of actual situations as they develop in real time with desired situa- 
tions at corresponding programmed instants to determine deviations of actual states 
from desired states of the essential geometrical quantities. 


4. Computation from the deviation data of corrections needed to bring the actual 
states into agreement with the destred states. 


§. Application of these corrections as commands for the contro] syste of the moving 
entity. 


When the Jase four Junctions ar: carried out continuously and the control systems 
operates effectively. the result is a course for the moving entity that carries it over 
an actual path that closely appreaches the programmed path sith respect to the reference 
space, Until fairly reeent vears all of the five component functions were carried out 
by one or aore men. At first, a single aan provided al] the component functions froa 
pianning to maktiin proper changes in the directions in shich he may have been walking 
when tt became obvious that corrections were needed. Much later develoyments led to 
operators sorking levers and steering ships in response to instructions from superior 
officers responsible for navigation, while today many syste# are automatic and only 
require hugan attention for monitoring purposes. The sec. - chird and fourth functions, 
which are deteraination of position, indication of deviations and computation of correc- 
tions belong to the method of traditional NAVIGATION. When the functions of planning 
and programming and of contro] to carry out corrections are added to navigation, the 
resulting coaples of functions is GUIDANCE. 














Before either navigation or guidance can he effective, the .oving entity must be 
STABILIZED so that it is capable of responding properly to control commands. In effect, 
stabilization is the process of causing all the essential variables associated with the 
moving entity to remain near desirable equilibrium states established either naturally or 
by instrumental means. CONTROL acts by changing these equilibrium states so that in 
seeking the new stabilization conditions the moving entity makes corrections toward 
desired positions and states of motion. 


It is the purpose here to review the fundamentai functional requirements of 
STABILIZATION, CONTROL, NAVIGATION and GUIDANCE with particular attention to the essential 
services that are provided for modern equipments by devices based on inertial principles. 
After some twenty-five years of practice and discussion, inertial systems are still some- 
times regarded as basically rather low performance devices struggling in competition with 
optical, radio and radar navigation equipments. This is an unfortunate opinion which has 
retarded progress and substantially increased the cost of advancing modern navigation 
technology. This technology will inevitably achieve performance and reliability in- 
creased significantly beyond the levels now realized in practice. These improvements 
will come from engineering developments of inertial oomponents and subsystems integrated 
into overall systems incorporating radiation contacts of various kinds with computers to 
couple all subsystems into complexes of always improving effectiveness. The technical 
details involved provide subject matter for the presentations of this conference. This 
particular paper is not concerned with particular equipments, rather its purpose is tv 
“set the stage” for later papers by reviewing the generalized requirements of navigation 
and the contributions that can be provided by devices based on inertial principles. 


2. GEOMETRICAL REQUIREMENTS 


Missions for moving entities must be defined in geometrical terms with time as the 
basic “fourth dimension” that ties all other variables together in a continuous sequence 
of instants uniquely associated with the general progress of changes in the essential 
physical qua..:‘*ies. The formulation of plans and programs to specify the chain of events 
needed to achieve a desired result from motion of a controlled entity aust be referred to 
Some geometrical reference space within which destinations and moving entities can be 
described in position and orientation. For exampie, if the moving entity ts an airplane 
and the destination is a certain city, it is convenirnt to select a reference space deter- 
gained by the earth coordinates of latitude, longitude. north and the vertical. The 
position of a destination city is easily read from a map in termes of tts position in this 
reference space. It is the prublem of navigation to locate the airplane in this same 
Space and relate its position and aotion to points on the path it must follow in reaching 
its goal. 


With known landmarks visible in good weather, simple sightings maker it possible to 
pinpoint an airplane, tc select a suitable path for reaching a sviectod destination and 
to determine the actual path and the necessary corrections. When terrestrial landmarks 
are not available but star sightings are possible, the traditional acthod of using 
celestial space for an auriltary geometrical reference, correcting for carth rotation 
by chronometer time and applying known stellar positions, make it possible to determine 
aircraft positions by the traditicnal computations of celestial navigation. Then both 
terrestrial and celestial contacts by visual observations are elisinated by unfavorable 
circumstances, man-generated radiation with known patterns determined by cooperative 
ground stations make it possible tc navigate ty means of ground and airborne receivers 
and properly designed coaputing aids. With visthility denied and cooperative radiation 
stations lacking. self-contained on-board methods aust be used to measure or predict 
changes in vehicle position as functions of time. The tise honored method of dead- 
reckoning based or estimates of air speed, flight directions, wind speed, wind direction, 
etc., is always 9 ailable for the computation of future positions. but cannot provide 
high sccurac7. 














Navigation and guidance subsystems operating without outside cooperation during 
relatively long periods of time and free of dependence on estimates of air speed, flight 
direction or wind can give much better results than conventional dead reckonine. These 
systems developed only during recent years depend upon computations using data sensed 
by on-board instruments mechanically held in known orientations with respect to carthn 
coordinates. Equipment of this kind is made possible by inertial principles which are 
inherently ideal and free from saturation effects within the necessary operating ranges 
for components and subsystems uf navigation and guidance to operate for considerable 
periods of time without external contacts for geometrical information. 


Indications from inertial sensors are not absolute, but represent changes from artifi- 
cially introduced initial conditions that are related in known ways to time and the 
selected geometrical reference space. Once initial conditions are set, inertial equip- 
ments operate by a modern form of dead reckoning that uses, not estimates of speed and 
direction, but measurements of velocity changes along coordinate axes associated with 
instrumentally maintained internal coordinates. Position changes with respect to the 
external reference space are computed from the indicated velocity change coaponents. It 
is obvious that for systems of this kind the accuracy of results depends on the perfor- 
mance of the inertial sensors, their associated computers and other necessecy subsysteas. 
Many theoretical, engineering and tec*nological problems are important for the technology 
of inertial systems that are beyond tue scope of this paper, which is coveerned only with 
an introduction to general principles. 


3. COMPLETE NAVIGATION AND GUIDANCE SYSTEMS 


Navigation must have accurate contacts with a geometrical reference space in which the 
desired motions of the moving entity are completely defined. For paths tnvolving terres- 
trial problems. earth coordinates are particularly well saited for reference purposes and 
are used by direct visual contacts by artificial long wave radiation, bv use of intermediate 
célestial objects and by instrumented inerr al reference members. The essential function 
of the geometrical reference space is to provide an orthogonal coordinate syste to which 
displacements of the moving vehicle may be related in terms of components assoctated with 
the space in which the vehicle path is descrioed. When ground stations are available 
these coaponents may be avasured by optical, radio or radar means, so there ix %o question 
of coordinate relationships, the coordinates actually used tn measurement are identical 
with those to which vehicle sottons are referred, Radiation receivers, either on the 
ground or in the vehicie, produce signals suitable for processing by properly destened 
computing su2systema which generate Outputs that lead to indications of posifion, velecity, 
off-course deviations, velocity correction commands etc... that are the useful outputs of 
navigation systeas. To be effective these cutputs sust te used as Che inputs for a com- 
trel system that actually causes the vehicie sotion to chanse in ways tat ferce tt ta 
fshiow a path that leada to the desired destination. 


Men she functions of supplying destination tnformation and prograes for operation, of 
providing reference coordinates. senaing aotion components, computing control commanda 
end executing these commands are integrated (cxether, the resulting coapleu in @ 

GUIDANCE SYSTEN. If the prograz function and the control function are amitted the result 
is a NAVIGATION SYSTEW. 


CONTROL SYSTEMS serve to interface navigation syatees ajith the vehicles that they guide, 
in the sense that they receive infornsation level correction camsands as inputs and provide 
changes in vehicle sotion as their outputs. In order for this action ta be effective, the 
contro] system aust first provide STABILIZATION ehich, in effect. ts central about equilt- 
brium conditions corresponding to “an-change input commands. Por crxaaple, if an 
sirplane is to properly execute comeands related to earth coordinates it aust have orien- 
tational inforaation supplied to its controls so that right-turn. left-turn. up-down and 





roll-right, reil-left are related to the on-board geometrical reference in the same way 
that these angular motions are related to the flight path defined in terms of the external 
reference cvordinates. 


It has been common pract‘ce fur almost forty years to provide aircraft with stabiliza- 
tion and control reference coordinates by means of gyroscopic instruments. Thc hank and 
climb indication, which in effect provides an instrumentally established horizontal plane 
reference with accuracies in the range of a few degrees, is as satisfactory today for 
flight contro] purposes as it was when Geaeral Doolittle first used it for blind flight 
in 1929. In a similar way the gyroscopic turn indicator has shown, and shows today, right 
and left turns of aircraft with about the same level of accuracy. 


The combination of these two gyroscupic instruments to form automatic pilots has been, 
and still is, effective for the purpos::3 of *ircraft stabilization and control, but devices 
for sensing changes in linea: ::otion have in the past never been used in autopilots to 
provide indications of naviga..onal information. A fundamental limitation of conventional 
gyroscopic aircraft instruments lies in their inherent indication inaccuracies of a few 
degrees and their inherent drift rates of approximately ten degrees per hour. When it is 
recalled that one degree angle between local gravitational directions corresponds to sixty 
miles distance on the earth’s surface, it becomes obvious that ordinary aircraft instru- 
ments can not provide suitable internal reference coordinates for navigation and guidance 
systems with accuracy requirenents of one mile error for each hour of operation after an 
initial fix. 


4. INERTIAL GUIDANCE 


Inertia) guidance is the term applied to the operation of an equipment subsystem which 
has three generaliv.1 functions. The first function is that of establishing and maintain- 
ing an internal geometrical reference space which has an associated set of coordinates 
and means by wh.ch their orientations may be accurately adjusted to the desired relation- 
ships with the external reference space in which the destination to be reached and the 
path to be rollowed are specified. The second function of inertial guidance is to receive 
specific force, which is the vector resultant of gravity force and inertial reaction force, 
in terms of components related to the internal coordinate system and to generate output 
signals that accurately represent these components. The third subsystem function is com- 
putation, ir racent times almost universally carried out in digital terms, by equipment 
which accepts these output signals for inputs and, as its own outputs, provides control 
commands and the indications needed for effective vehicle operation. Control, a fourth 
function which imp’ements control commands, has its low power level input side interfaced 
with the computer and its output side driving a control subsystem that is usually closely 
associated with the vehicle itself. ‘When men are involved, displays, input pushbuttons, 
an. operating knobs to select and adjust modes of operation are included in guidance 
systems for the purposes of communication and interaction between human operators and the 
arrangements that cooperate with them as inanimate working partners, 


The technology of computing equipment is now capable of meeting al) the requirements of 
inertial guidance for storing data on plans and programs, for carrying out calculations 
and Zor transmitting information to proper interface points. Similarly, the technology 
of displays and relay systems is so well developed that almost any desired arrangement 
may be realized by which a man can ve informed by systems as to actual states of affairs 
and ve given the power to impose his will upon the machine as to its modes of operations, 
its tasks and the disposition of its results. Control systems capable of forcing actual 
vehicle motion into substantial agreement with programmed motion are well developed and 
generally designed i::to operational vehicles. 





With good design aid eff*ctive quality control, computing, display and control sub- 
systems of inertial guidance equipment will not limit performance of overall systems. 
Reliability is another matter, in that it is sometimes determined by these three functions 
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but is more often set by electronics, either associated with the reference member or with 
the computer and the displays. This state of affairs means that currentiy the overail 
system performance levels are generally established by the inertial sensors. For this 
reason these components become subjects for particular attention in any discussion of 
inertial guidance systems. 


5. INERTIAL SENSORS 


Inertial sensors must provide functicns of two kinds. The first function of an in- 
dividual unit is that of sensing small angular deviations with respect to inertial space 
about a sharply defined input axis and producing an electrical output signal, with its 
sense determined by the direction of the deviation and its magnitude proportiona] to the 
size of the deviation. In practice three angular deviation sensors of this kind are used 
in a triad configuration with their input axes held accurately at right angles on the 
geometrical reference member to which the instruments are rigidly mounted. 


The reference member has three degrees of angular freedom with respect to a base upon 
which it is mounted and ehich in turn is instailed in the vehicle to he guided. The 
three axes corresponding t:. the degrees of freedom are each fitted with a tightly cper- 
ating servo-drive that draws its input signals from the properly combined signals from 
the angular deviation sensors. In otieration the overall servo-drive system keeps a set 
of orthogonal axes fixed to the reference member accurately aligned with the orientations 
of the three sensors for which their output signals have null (i.e. minimum magnitude) 
levels. Current servo practice is developed to levels that allow the realization of 
drives capable of keeping the reference member coordinate axcs in substantially perfect 
alignment with the signal-null orientations of the sensors. This is accomplished by 
designing high torque capabilities into the servos and providing “noise free’’ output 
Signals from the angular deviation sensors. This state of affairs means that the refer- 
ence member departs from ideal performance only because of sensor imperfections that 
cause the orientations for which their output signals have their nulls to differ from 
initial settings. Uncertainties as:ociated with “drift'’ effects of this kind are the 
limiting factors for anguiar ceviation sensor performance. 


The second type of sensor required for inertial guidance system operation is the 
receiver for specific force, which is the vector resultant of gravitational force and the 
reaction forces that accompany accelerations of material particles with respect to inertial 
space. If their operation is to be ideal these sensors must respond only to the specific 
force component along a single sharply defined direction, which for any given instrument 
is its input axis. In practice, three specific force sensors are mounted rigidly on the 
inertial reference member wita their input axes mutually at right angles and carefully 
fixed in known orientations with respect to the geometrical reference member, With this 
arrangement the sensor output signals in the process of being generated are already 
accurately resolved into components associated in a known way with the coordinates of the 
geometrical reference member. Because of practical considerations, specific force sensors 
are usually designed to generate output signals representing, not specific force directly, 
but the first integral of specific force starting from initial conditions selected for 
convenience in the operations currently in progress. 


Performance for inertial sensors ranges over several orders of magnitude in terms of 
inputs and the quality of the corresponding outputs. Details of construction belong to 
the subject matter discussed in the technical papers which follow, not to this intro- 
ductory paper. 


6. PLACE OF INERTIAL PRINCI@LES IN NAVIGATION AND GUIDANCE 


Navigation and guidance deal with problems of dynamic geometry with changes in 
orientation and in position, as they change with time, as the elements of basic interest. 
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To deal effectively with the situations of navigation it is necessary to establish refer- 
ence for time, for orientation, and for position. With such reference available navigation 
and guidance are matters of determining changes in time and correlating changes in orien- 
tation and position with these tine changes. The accuracy of navigational results depends 
on the performance of the means for measuring the basic physical quantities. The effec- 
tiveness of the means employed in navigation depends upon its ability to work under oper- 
ating conditions ranging from completely free and continuous interchange of information 
with the environment to situations in which this interchange is not evailable for long 
periods of time in which moving vehicles must be iocated and guided. 


It has been noted that, when visual, radio and radar contacts with the ground and the 
sky can be used, so that the earth and the stars may serve directly as references, long 
established methods are available for navigation. When continuous radiation contacts are 
eliminated, self-contained equipment able to vrovide high quality navigation for extended 
periods of time is required. Today navigation must deal with motion in three dimensions 
over a very wide range of speeds, but the general situation is somewhat similar to that 
which existed for sailing ships before the day of John Harrison, 1735, who invented the 
first operational chrohometer. The problem was that of longitude, which could be solved 
only by an accurate means for indicating time so that the rotation of the earth could be 
properiy taken into account for the interpretation of celestial observations. Once the 
marine chronometer was available navigation became a process of greatly improved accuracy 
and reliability. 


Harrison faced the need for a timekeeper to operate for several months, there being no 
radio staticns to provide updating signals, within accuracy limits unheard of in the year 
1713, when the British Government offered various rewards for svlutions to the problem of 
longitude. He accepted the basic law of physics that a unique relationship exists every- 
where between the ecceleration imparted to any massive particle and the force associated 
with this acceleration. He understood that gravity interfered with this relationship in 
a way that centuries later would be stated by Einstein in his PRINCIPLE OF EQUIVALENCE, 
but he also realized that there were ways of eliminating this disturbing effect. Rela- 
tively had not as yet been discovered and fortunately introduccu 20 significant effects 
in Harrison’s time, or in ours of today, because as yet vehicle speeds are very small 
compared to the velocity of light. 


Realizing that inertial reaction forces were available everywhere without the need for 
mechanical or visual contacts with outside spaces, Harrison made use of effects that were 
being successfully used in clocks and watches after millennia of applying considerably 
more awkward and less accurate methods. He refined the mechanism by which the elastic 
action of a spring, working against the inertial force reaction of a miniature flywheel 
carried by low friction bearings, produced an oscillatory mechanism with a period adjust- 
able to a desired constant value which, with proper temperature control and leveling by 
proper gimbals, produced the timekeeping accuracy required for good longitude measurements. 


It is history that, after Harrison showed the way during the middle 1700's, many 
chronometers were built with performance that removed time measurements from the unenviable 
position of limiting the accuracy of navigation. It is pertinent, but not basically im- 
portant, that radio stations with crystal-controlled oscillators, atomic clocks and very 
precise determinations of star transits now provide excellent monitoring for on-board 
electronic clocks, which certainly eliminates inaccuracies in time as a limiting factor in 
the overall processes of navigation and guidance. 


The marine chronometer and the many devices that are its descendants have solved the 
availability of accurate time indications on board moving vehicles. However, navigation, 
which to be completely satisfactory must solve problems in dynamic geometry by self-con- 
tained on-board equipment of high accuracy and reliability, requires that internal refer- 
ence coordinates and internally generated indications of vehicle position, velocity and 
acceleration be continuously available within moving vehicles. Monitoring by radiation 
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contacts of any and all kinds is certainly desirable but not necessary during extended 
time periods and is to be considered as a functional part of overall systems, not as an 
arrangement competing with inertial principles. 


Sensing of angular deviations with respect to inertial space with self-contained 
instruments is accomplished with angular momentum provided by gyroscopic rotors. Forced 
precession of such rotors away from an initial orientation requires torque, and that can 
be used to drive a viscous integrator which produces an angular input to a signal gen- 
erator, whose output represents the angular deviation of the gyro unit case with respect 
to its reference orientation. The gyro output signal from a single gyro provides “ue of 
the three inputs needed to establish and hold an inertial reference member in its refer- 
ence orientation and is maintained within limits dependent upon gyro drift rates which 
are made as low as possible by design and manufacture. 


Sensing of linear displacements of components of the reference member from an initial 
position in inertial space depends upon an instrument that uses an unbalanced mass to 
impose a torque on a calibrated restraint element. Signals dependent upon the output of 
this calibrated element are proportional to the input specific force component along the 
sensor input axis. Effective double integration of this acceleration signal and correc- 
tion of the result for the effects of gravity produces indications of changes in position. 


Inertial components have been in existence for some time to prove the feasibility of 
inertial navigation and guidance. The future surely holds advances in technology that 
will lead to ever-increasing usefulness of navigation and guidance equipment. Details of 
these future developments are the basic subject matter of the papers that follow. 


7. CONCLUSIONS 


Navigation and guidance are dependent on time, reference coordinates in which the 
desired path of the guided vehicle is defined and a means for measuring vehicle displace- 
ments with respect to these coordinates. Time is generally available everywhere from 
watches, clocks, chronometers, vibrating crystals, tuning forks, molecular drivers, 
earth’s rotation against the stars etc., and certainly does not present more than routine 
engineering problems today. 


Geometrical orientation for reference coordinates may be taken from lines of sight to 
stars of known location on the celestial sphere, from the earth, from instrumentally 
driven inertial reference members, and from any other available space that may be con- 
venient, Just as instruments for measuring time based on vibrations determined by the 
dynamic balance between elastic forces and inertial reaction forces are used because of 
their continuous operation with no more than infrequent monitoring contacts, inertia 
reactton effects mechanized by gyro instruments are essential for the accurate sensing of 
angular “eviations from initially set orientations. 


Once an initrumentally established inertial reference member is available with means 
for close alig.ment to an external reference space, sensors for specific force along 
well defined input axes can provide signals that accurately indicate the components of 
specific force, the resultant of gravity and inertia reaction force, along the three 
orthogonal inertial reference member axes. Proper computational processing of these 
signals, to correct for gravitational effects and to transform results into a convenient 
external reference space, gives navigational information on position, velocity, direction 
and ground speed for the moving vehicle. This information can be displayed to human 
operators and may also be used as signals in automatic control. 


Inertial principles make it possible to have continuous outputs for navigation and 


guidance from on-board equipment for significant periods of time without monitoring by 
contacts with external space. Operation of this kind is essential] when radiation contacts 
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are not available and is very helpful when such contacts are intermittent. The useful- 
ness of basic inertial equipment obviously depends upon the accuracy of its indications 
as functions of time, its reliability in operation and its hours of satisfactory perfor- 
mance per dollar of combined first price and total costs of maintenance. In any case, 
inertial equipment is here to stay — it does not represent gadgetry that will disappear 
after its novelty has worn off. The false claims of particular mechanisms will in time 
be replaced by true engineering information and sound technology. 


Many implementations of inertial sensors and all the other components of complete 
inertial systems have been advertised and reduced to practice. It is not the purpose 
of this paper to discuss these details or the sort of performance that has been achieved 
in operational systems. However, one remark based on much personal experience may be 
in order. This remark is that the quality and overall hours performance per dollar of 
total cost will surely be much better for future systems than it is for present systems. 
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SUMMARY 


A broad treatment is given of the requirement for the use of hybrid 
Inertial Navigation systems in the light of continual development in the 
capability of pure Inertial systems, and the availability of new navigation 
aids and computing techniques. The sain characteristics of the pure Inertial 
system are described, with particular emphasis on those aspects of perfora- 
ance and integrity which require the support of other aids, and the advantages 
and limitations of some early examples of hybrid systems are discussed. 


Puture trends in hybrid inertial navigation systems are discussed, espha- 
sising the important role that modern digital computing techniques are going 
to have in such systeas for both military and civil airborne use. 
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local eurth’s redius of curvature 

effective vertical gyro drift rate 

aircraft's velocity component as measured by Inertia 
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error in measurement of aircraft's velocity component 
earth's angular rotation 

aircraft latitude 
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error in measurement of Ay 

scaling factors in feedback loops 


error in resolved Doppler speed component 














TECHNIQUES AND PHILOSOPHY OF MIXING OR AIDING 
INERTIAL NAVIGATION WITH OTHER NAVIGATION AIDS 


G. E. Roberts 


1, INTRODUCTION 





We may define a hybrid Inertial Navigation (1I.N.) system as a system in which the 
overall capability is based on the use of I.N. in conjunction with one or gore other 
navigation aids of a basically different type. The term overall capability is here used 
in its broadest possible sense to include accuracy, operational flexibility, error dis- 
tribution characteristics, reliability, and system credibility. System performance is 
defined here as including the first two of these characteristics and system integrity the 
last three, and the objective of hybrid systems can then be defined as optimising system 
performance and integrity. 


This paper examines the case for “hybrid” as opposed to “pure” I.N. systems in the air- 
borne application in the light of continua] development in I.N. performance, and the 
availability of new navigation aids and computing techniques. ‘The term Mixed I.N. systes 
is normally employed for a hybrid system in which the accent is on accuracy of the coa- 
bined system. Since the required accuracy is only attained with both sensors operative, 
this type of hybrid system does not in general edd such to system integrity. In “Aided” 
systems the additional aid is used to ieprove aystem integrity or operational flexibility. 
The tendency towards ever increasing I.N. accuracy will obviously be accompanied by a 
tendency towards the use of Aided I.N. rather than Mixed I.N. systems. 


As far as the additional navigation aids are concerned we shall be talking about teo 
wein types of aid, according to shether the prime information is defined in aircraft or 
in ground axes. ‘The first type are of the Dead Reckoning type. typified by Doppler Radar, 
and in general they provide continuous information ehich has been very suitable for use 
with aixed I.N. systems using analogue techniques. The second group are noreally called 
“position-fizing” aids and have tended in the past to be available only at discrete inter- 
vals and have been used aainly in siaple aided I.N. syatess. The use of modern digital 
computing techniques has extended the potential use of discrete fixes and this. coupled 
with the availability of continuous position inforeation from ground based radio aida and 
autcpatic astro, aay sean a considerable extension to the use of such aids in the future. 


2. TF.N. CHARACTERISTICS 


It would be pertinent at this stage to examine the performance and integrity charester- 
fastica of the pure I.N. systes so as to Lighlight those areas where hybrid systees way be 
of value. For the sake of siwplicity the following treateaent of performance ignores the 
very long term (nominally 24-hour period) oscillatory effects which tend to bound a large 
proportion of the 1.8. errors for a slowly soving vehicle. These effects are {n any case 
drastically modified at aircraft speeds and tend to be of less importance for the rela- 
tively short sortie duration of airctaft. It will further be assumed that the Inertial 
Platfors is novinally aligned to loca] North aod Fast azes in order to simplify the 
presentation: the general pattern of errors applies equally for other azisuth precession 
configurations. 














Fundamentally I.N. performance depends upon three basic assumptions, each of which can 
be associated with a particular error source. 


The first assumption is that the system continually defines the earth’s local vertical 
axis. In a pure I.N. system the vertical defining system is an undemped Schuler tuned 
system, and velocity and tilt errors introduced either during initial set up or during 
take-off and flight are perpetuated in the system as oscillatory terms of approximately 
84-minute period. The importance of this type of error term is that it can have a signifi- 
cant effect on the velocity or short term dead-reckoning capability of the system, which 
in turn can be important in weapon aiming applications and possibly in terminal area 
navigation for civil airlines. 


Next, we have the assumption that the system rate of rotation of the inertial] axes are 
a true measure of the rotation of local earth axes in inertial space. This gives rise to 
a long term system velocity error of the form Rw, where R is the local earth’s radius 
and w is the precession error term, which includes both the drift rates of the gyros and 
scale factor errors in the precession terms. While this term contributes to the short 
term performance its most important effect is in the long term accumulation of position 
error in the aysten. 


The third basic assumption is that the rate of rotation of the local vertical axis in 
inertial space can be related to the motion of the aircraft over a rotating earth, which 
brings in the important factor of azimuth alignment. There are two separate cases to 
dietinguish here: 


(i) Where the requirement is to determine the aircraft's velocity in aircraft axes as 
in some weapon aiming applications, or in hybrid systeas with Navigation aids 
opereting in these axes. This gives rise to a long term velocity error tere 
RQ cos AAy in the nominally North-orientated inertial axis. © is the anguler 
velocity of the earth, A the latitude, and 4y the error in alignment of the 
North axis. 


(41) Por norma) navigation purposes, or for hybrid aysteas with navigation aids opera- 
ting in earth axes, the I.N. must produce outputs defined relative to earth axes. 
In this case we have an additional long tere velocity error in the across-track 
direction given by VO, , where Vis the velocity of the aircraft, and eat very 
high aircraft speeds this vill obviously become an ieportant factor. 





In a pure I.N. system the normal sethod of aligning the system in azieuth is by the 
technique of gyro-compassing before take off. and relying on the azisuth gyro to saintain 
this alignment subsequently. Meaxioun use is eade of the fect that the system is practically 
stationary on the earth during ground gyro-compassing, to speed up the response of the 
system and to damp out oscillatory terus. Ghen the system bas settled dom the velocity 
error in the nopinally North channel is given ty 


Sv = mee alicosa dy . 
The platfore can be precessed in aziguth until SV is zero, or the value of AV can 
be veed as a measure of the correction to be applied ia aziquth. In either case the final 
error in alignment is given ty 


Ove * Recah 


When operating at latitudes below 70° this means that the agiguth error is reduced by 
avro-compessing to a level consistent with other errors in the syste. 


There is, however, some cooflict between the ailitary requirement for rapid reactica 
tine and the slignpent tine before take off required ty gyro-compassiag. and so far there 











are operstional or technical reservations on al] the schemes designed to overcome this 
difficulty. Wher this is taken in cenjunction with the fact that there will still b> an 
accumulated error due to drift rate of the azimuth gyro in flight, it is clear that there 
are great potential benefits to be gained from the possibility of air alignment of the 
ILN. 


In summary we can therefore say that the possible areas where I.N. performance may need 
enhancement are as follows: 


(i) Reducing the effect of the 84-minute oscillatory terms. 


(ii) Improving the performance limitation imposed by the drift rate of the vertical] 
gyros. 


(iii) The possibility of air alignaent. 


In the early days of I.N. development the vertical drift rates were well below the 
requirement for a self-contained navigation system and the sccent was on mixed I.N. 
systees, particularly Doppler Inertia Mixing. At the present stage, with pure I.N. per- 
formance capability of the order of one nautical mile per hour or better, the accent is 
sore on Aided Hybrid I.N. systems, with the stress perhaps more on areas (i) and (iii), 
depending upon the requirement. With the expected line of development in the future, and 
particularly through the use of the very promising cluster rotation technique in I.N., 
which considerably reduces the effects in areas (i) and (ii), it could well be that air 
alignsent will be the area in which hybrid I.N. systems will play the sost important part 
in the future from the performance aspect. 


The integrity aspects of I.N. are receiving a considerable amount of attention at 
present because of its application to civil] aircraft, both as an attitude reference for 
flight contro] and as a navigation aid. Prom the reliability standpoint the most string: t 
requirement is set by the flight contro] application and there is little doubt thet thi 
can be met by a duplex or triplex I.N. installetion. As far as navigation is concerned 
the critica] aspect is meeting the lateral seperation safety standards for civil aircraft; 
in this context two areas are now highlighted. 


The first is the phenosenca known an error distribution tail, a typical example of 
which is shown in Pigure }. The important feature here is that the frequency of occurrence 
of large errors is considerably greater than sne would expect from a Qauasian distribution, 
and it is therefore dangerous to predict the chance of s large error on the basis of the 
standard deviation error. The particular aspect of I.N. wbich aakes it vwulaerable froe 
this point of view is that partial ealfuactions which can lead to unsefe navigation errors 
are difficult to detect an such by the cree. Until 1.8. developeent leads to an adequate 
nelf-checking capability. there will be odvicus advantages in using fixing aids as credi- 
bility checks. 


The second critical area is concerned sith the possibility of common navigation errors 
in multiplex 1.8. aystess. produced either by so common aircraft systes faiiure. such as 
electrical power supply. or by hupan blunder. ‘The advantage of a hybrid systee in this 
contest {a that the possibility of common error is fundasentally rescte, whereas “designing 
out’ this possibility ia a aultiples systes can be a formidable task. 


3. EXASPLES OF BYSRIO SYSTERS 


The combination of I.N. sith Doppler Radar provides an interesting exemple of hybrid 
3.8. aystens using analogue computing techniques. in the following examples the Doppler 
Rader velocity output is first resolved through the platform heading sagle to provide the 
components of Doppler derived velocity ia inertial azes. This is then subtracted from the 
inertial velocity and the velocity differeace signal bas the laporteat property of separe- 
ting the effects of platform tilt from those of vebicle acceleration, so that it can be 
weed either as a damping term or for eodifying the systes oscillation frequency as desired. 

















The simplest form of Doppler-I.N. hybrid system is the Doppler damped svstem showa in 
Figure 2. Here the only difference from the pure inertial configuration is the feedback 
term K,{V; - V)). in which the value of K, is adjusted to previde semi-criiical damp- 
ing of the system Schuler tuned oscillations. The system characteristics are practically 
idertical with those of the pure I.N. system, except for the fact that the Schuler tuned 
oscillations are damped out, with a consequent improvement in the shert term velocity 
performance. The system does, in fact, have an in-flight alignment capability, but this 
is too slow to be of practical importance, and the same ground alignment techniques as 
for pure I.N. are normally used with such systems, 


Fieure 3 shows the configuration for the Doppler-Inertia mixed system in which the 
abjective is to combine the long term navigation accuracy of Doppler with the smocth 
velocity response of I.N. and have a system capability for in-flight alignment. The velo- 
city difference signal (V; - V)) is now fed back alone two paths; K,(V; - Vp) to the 
input of the integrator and K,(V, - V,)) as an additional vertical gyro precession term. 
The value of (K, + 1/R) determines the overall system period and K-. is chosen as a 
compromise between system response time and total velocity error 


Once the value of K, is fixed, K, is adjusted to provide the required damping and 
is normally chosen to give approximately semi-critical damping. A much improved overal] 
performance can be obtained if the values of K, and K, can be varied as the system 
settles down, but this degree of complexity is probably better handled by the digital 
computing techniques to be mentioned later. 


Considered solely as a system for defining the aircraft's velocity in inertial or air- 
craft axes, the requirement on inertial accuracy is not particularly severe and the system 
characteristics can be summarised as follows: 


‘a) It will settle down to a definition uf the vertical good to a few minutes cf arc 
in flight, in a period of the crder of ten minutes. 


(b) Inertiai errors and oscillatory terms in velocity will decay in the same time. 


(c) The white noise content of Doppler is considerably reduced by an effactive filter 
equivalent to the system period and damping. There is, however, no equivalent lag 
in acceleration response which remains practically as good as a pure I.N. system. 


(d) The long term accuracy is determined mainly by Doppler. 


The steady-state value of V, - V) for the nominally North axis is given by the 
expression 


AD R(w + 3) cosa &y) 


) = wsSeaua s 
D 
Ne KR + 1 KR + 1 








(VW, Vv 


AD in this expression is the error in the resolved Doppler component and does not include 
errors in azimuth alignment to true North. The value of (K,R + 1) is typically about 
100 so thut the contribution of Doppler + Inertial errors to the right-hand side is very 
small. 


When we consider the Navigation requirement, however, there remains the important prob- 
lem of alignment in azimuth, and here we have to distinguish between operation with low 
quality or high quality Inertia. When the vertical gyro wander rate is too large for 
gyro-compassing to be possible, air alignment in azimuth is only possible by using an 
additional aid such as astro or ground fixes. Note that the use of ground fixes in this 
case is not a gyro-compassing mode but a comparison of Doppler Dead Reckoning with fix 
information and is available world wide. 











With high quality inertial components the system is capable of a self-contained azimuth 
alignment mode in flight by eyro-compassing. This is obtained by using the velocity 
difference signal in the nominally North channel] to precess the azimuth gyro in the direc- 
tion tu bring ©. to a minimum. 


The steady-state value of -.. is then given by 
ID + Re 
£ R°. cos-. 


Apart from the Doppler error term ..0 , this is the same expression as is obtained for 
Eround gyro-compassing, and the effect of vertical gyro wander w and latitude A are 
similar. The effect of the term -.— is to give an additional error in azimuth which, for 
subsonic speeds and at norma] latitudes, is consistent with the remaining system performance. 
For very high aircraft speeds or at high latitudes, better performance can be obtained by 
reverting to the Fix Monitored Azimuth techrique. 


It will be noted that, if K. is reduced to zero and the value of K, correspondingly 
adjusted, the Doppier Mixed system reverts to Doppler Damping and, once the system has 
settled dow: rom its initial errors, there would be some advantage, in terms of total 
system errcr, in making this change. However, it must be realised that, when the gyro- 
compassing loop is included, the value of vy - Vp) for the North channel is reduced to 
zero and the system output on the channel will therefore be controlled by the error in 
Doppler rather than by Inertia, as in the simple damped system. 


The performance enhancement obtained in hybrid Doppler-I.N. systems is to some extent 
at the expense of system integrity. In a Doppler Mixed system using low quality inertial 
components there is obviously very little capability if the Doppler or the Inertial ele- 
ments fail. With high quality inertia there is a system capability in the event of 
Doppler failure, provided this failure is detected and the Doppler cut out early enough. 
Since catastrophic errors can be introduced into the I.N. in the case of undetected 
Doppler failure, the integrity of the overall svs:em rather hinges on the availability of 
a reliable automatic cut-out for Doppler. 


The use of ground fixes as a credibility aid for I.N. has already been mentioned, as 
has the use of fixes in conjunction with Doppler in the Fix Monitored Azimuth technique. 
The use of fixes for credibility can also be readily extended to the up-datins of I.N. 
position and this form of hybrid I.N. system is almost invariably used in military air- 
craft in the target area. 


More extensive mixing of I.N. with intermittent ground fixing aids to improve the sys- 
tem velocity performance are not in general amenable to analogue techniques. However, in 
the particular case in which the I.N. system has been set up on the ground but there has 
been no time for gyro-compassing, it can be assumed that azimuth alignment is the pre- 
dominant error and a form of in-flight gyro-compassing using ground fixes can be employed. 
It is of interest to note that in this case the gyro-compassing is, in terms of the total 
angular rotation rate, composed of the earth’s rotation and the aircraft’s motion around 
the earth. This means that there is no specific latitude limitation to this form of gyro- 
compassing, but the system is inoperative whenever the aircraft's motion is equal and 
opposite to the earth's speed at any particular latitude, 


One other specialised form of hybrid I.N. system is perhaps worthy of mention at this 
time. This is the combination of automatic star tracking with the Inertia Navigator in 
the Astro-Inertial system. With a line of sight defined on two known stars the astro 
component supplies all the information required to provide a continuous fixing aid and to 
determine true North, if it 1s supplied with a knowledge of the local vertical. The role 
of inertia in the system is to supply the definition of the local vertical and to provide 
an inertial memory for the periods when the stars are obscured. Since a precise azimuth 
datum is available when operating in the astro mode and information is also ave:lable for 
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correcting the gyro wander rates, the inertial memory will be operating under optimum 
conditions during the inertial memory mode. 


In the Astro-Inertial system the only basic inertial error remaining arises out of the 
Schuler tuned oscilletions of the inertial platform. With the addition of Doppler to the 
system these can be damped out in the manner indicated previously and the Doppler damped 
Astro~-Inertial system is capable of giving a bounded error of less than one nautica) mile 
for any flight duration and independent of position over the earth. At the same time the 
system will provide accurate datum directions, both in the local vertical and in azimuth, 
for flight control purposes. 


The main disadvantages of astro in the past have been the fact that the stars can be 
obscured by clouds and the cost and complexity of achieving the capability of detecting 
stars by day. However, the modern trend for flying faster and higher are in its favour 
and it may well be that the cost can be justified in terms of its capability for future 
aircraft. 


4. FUTURE TRENDS 


The development of the airborne digital computer is now wel] advanced and there is 
little doubt that it will find increasing use for dats processing tasks in future aircraft, 
both military and civil. As applied to the integration of hybrid systems, the flexibility 
and computing accuracy available with these techniques can mike a profound change to the 
philosophy of mixing in several respects: 


(a) The high computing accuracy inherent in digital computing enables error models of 
the I.N. to be constructed without loss in overall accuracy. This opens up the 
possibility of mixing at the output of the I.N. in such a manner that three separate 
nevigation outputs are available, Pure I.N., the Nav-Aid and Corrected I.N., and a 
credibility check made between them. Operating in this manner considerably 
increases overall system integrity and does away with the distinction between mixed 
and aided systems. 


(b 


~ 


The flexibility of digital techniques allows the effective gain in the mixing loops 
to be varied as required by system parameters so that it is operating in the optimum 
manner at all stages. 


(c) Maximum use can be made of the knowy error characteristics cf the I.N. and the 
Nav-Aids so as to get the best possible correction in a given time. 


These advantages can be obtained by using Optimal Filter theory in which corrections 
are applied at any time on the basis of maximum probability in terms of all the known sys- 
tem characteristics. The Kalman filtering system is one that is particularly suitable for 
use with digital computers because the information required to make the future best estin- 
ate of the I.N. errors is stored in two sets of numbers, the current estimate of the I.N. 
errors (called the State Vector) and the current estimate of the variances of these errors, 
and it is pot necessary to store the error values occurring cach time the I.N. is up-dated. 


Figure 4 shows, in block schematic form, the operetion of a Kalman Filter network com- 
bining I.N. with another Navigation Aid. In the top loop we see the way the current estimate 
of the I.N. errors (the state vector) is processed by simulated Inertial Platform equations 
so that they are continuously up-dated in the absence of externa) information and then 
added on to the I.N. outputs to provide the current best estimate of the combined system. 
When Nav-Aid information is available the error between it and the corrected Inertial out- 
puts, after adjustment by a suitable weighting factor, is used to correct the values of 
these error estimates in the state vector. The weighting factor is computed fron the known 
noise-variance in the Nav-Aid and the variances and covariances of the various elements of 
the state vector, which are continuously up-dated in the bottom loop from pre-set values. 
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In this way the weighting factor logic apportions the measured error between the elements 
of the state vector in the most probable manner on the assumption of normal error dis- 
tribution. 


The pre-set matrix of the variances of these elements are similarly up-dated by I.N. 
equations with the additional provision for the addition of random changes coming in with 
the passage of time. The gradual deterioration in the value of the variances is, however, 
restored each time externs) information is available, to an extent depending upon the noise 
variance of the Navigation Aid, thus taking into account the improved certainty with which 
the errors are known after each correction. This process of continually up-dating the 
variances used in determining the weighting factor for error correction is equivalent to 
continuously variable feedback gain in analogue terms, and gives the filter its property 
of making the best possible use of the information available. 


The advantages of the Kalman Filter approach to hybrid I.N. systems can then be 
summarised as follows: 


(a) It will provide optimum correction with any Nav-Aid or combination of Nav-Aids 
whether operating continuously or intermittently. 


(b) The number of I.N. characteristics corrected depends solely on the choice of ele- 
ments in the state vector. A full air-alignment capability is available with 
either Doppler or Fixing types of aid. 


Besides providing the corrections to the I.N., the computer provides a measure of 
the credibility of the correction which can be displayed to the operator. This 
facility, coupled with the ability to preserve the uncorrected I.N. output, makes 
the system very flexible as a man-machine interface that optimises the use of the 
individual sensors from the overall integrity aspect. 


(c 


~~ 


Another interesting trend in the future will be the increased availability of continuous 
fixing aids with a world-wide capability, which will probably replace Doppler as the back- 
up to I.N. Apart from Automatic Astro, VLF navigation aids, such as Omega, and the use of 
satellite navigation may be mentioned as interesting possibilities for future integration 
with I.N. which, apart from specialised military applications, may well be competitive on 
a cost-effectiveness basis with multiplex I.N. installations in the civil field. 


§. CONCLUSIONS 


Despite the rapid progress which has been made in pure J.N. capability, it has still a 
long way to go before the complete mission in civil or military terms can be completed with 
I.N, as the only navigation aid. In terms of en-route navigation, hybrid I.N. systems are 
likely to have an important role, both for long range civil aircraft and for military 
maritime reconnaissance. In the terminal area and landing phase, and for weapon aiming 
purposes, specialised aids will in any case be employed and there are many potential advan- 
tages in closely integrating these aids with I.N. The ability of the digital computer, 
using techniques such as Kalman filtering, to make optimum use of the available sensors 
at each stage of the mission would appear to make this approach the ideal means of mech- 
anising hybrid I.N. systems in the future. 
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NOTATIONS 


(a) Coordonnées de position 
L,G latitude et longitude géographiques 


L*, G® latitude et longitude auxilisires dans le systeme ayant pour 
équateur le grand cercle AB dont le péle est le Nord® (Nord auxiliaire) 


(b) Parametres angulaires 
2 angle que fait l’equateur auxiliaire avec l’équateur géographi qe 


y angle que fait l’axe de référence OX de la plateforme avec la direc- 
tion du Nord geograephique 


a angle que fait l' axe de reference CX de la plateforme avec la direc- 


tion de l'Est auxiliaire (Remarqe: l’angle a est une constante 
qielle que soit lea route suivie pour aller de A B). 


(c) Vitesses et accélérations lineaires 


V,. Vy composantes de la vitesse so] horizontale sur les axes OX et OY 

Via Vay intégrales des mesures accéléerosetriqes 

C,.C, accélérations de Coriolis 

Vue Veg composantes de la vitesse sol horizontale sur les axes géographiqes 
\, vitesse verticale, comptée positivement vers le bas. 


(d) Vitesses angulaires et taux de précession 


L’*.G’* vitesses angulaires en latitude et longitude auxiliaires 
a vitesse de rotation de la terre 

way taux de bouclage de Schuler 

uy taux de convergence des seridiens auxtliaires 

Dy 5. Dgy. D9, compensatiuns de la dérive des gyros 

SG taux de précession commandes 


(e) Autres syaboles 
s angle que fait la route suivie avec le Nord géographique 
R,. g, rayons de courbure principeur (rapportes aun azes geograshi ques) 


Bag Rao: y: &e constantes de l'ellipeoide terrestre: 


Ro = 6357 Se 
Reo = 6 388 900 a 
«= 0,0080268 
e, = 0.001672 
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rayon de courbure norsale 
inverse de la torsion géodésique 


altitude au dessus de l’ellipso{de de réference 


rayon de courbure normale et inverse de la torsion géodesique 
rapportés a l’altitude bh. 
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NAVIGATION PAR INERTIE SUR DE LONGUES DISTANCES 


B. de Creniers 


1. INTRODUCTION 


Qn sait que l' svion de transport supersoniqe “Concorde”’ sera equipé ds systemes de 
navigation par inertie. Les systemes destinés a equiper les avions prototypes sont 
actuellement construits par la Société francaise SAGEM et la Societe britannique Perranti. 
C'est a cette occasion que Ja Societe SAGEM a eu la charge d’étudier l’ application des 
systemes @ inertie @ la navigation des avions sur de longues distances. 


Tl eteii necessaire de rechercher les eeilleures solutions compatibles avec certaines 
caractéristiques de l'utilisation, et notamment les suivantes: 


- autonomie de la recherche du Nord evant l’envol, en évitant si possible le recours & 
des cospensations ou calibrations préealables 


- navigation universelle, c' est-a-dire pouvant couvrir toutes les régions du globe, et 
en particulier les sones poleires 


~ decoupage des routes suivies en troncons en nombre quelconqe, et possibilite de 
diversion en debors de ces troncons 


- economie souhaitable des capacites du calculateur de bord. 


La neceasite de la couverture des sones polaires a donnée @ l’etude son point de depart: 
eo effet, un fonctionnement correct de la plateforme inertielle loreque l’avion navigue 
au voisinage du pdle exige que cette plateforme ne soit pas “asservie eu Nord’, cela est 
di eu fait qe le taux de precession que l'on peut matériellewent lui inposer autour de 
L'aze d’ aziout est limité, 


Des lors. la question s'est posee du choiz de l’ orientation iaitiale lors de 1 aligne- 
went de le plateforae avant l'envol: la recherche du Nord peut étre effectuce ep effet — 
soit par la aéthode classique du gyrocompas soit per ume aéthode de calcul. C'est cette 
derniere nethode qui a été choisie et develonpee afin d’en tirer. come on le verre ples 
loin, les deux avantages principeus suivants: 


(a) Le awode d’ alignesent est uniqe. 


(db) La correction de le dérive des gyros est entretenue sans qu'il soit aéceesaire de 
procéder @ des calibrations périodiques. 


Ga ce qui concerne le navigation, om a choisi d° opérer tous les calculs deas wa systéne 
de coordoanées sphériques. 11 est appara en effet qe les exigences de l'utilisation du 
aysteme de navigation sécessitaient la aise en plece d'un eoyen de resolution de triangles 
opheri ques. 


Cette resolation est operse per un sous-programme du calculateur qi constitue en abne 
teaps une eatrice de transforbation de coordonaées aphériques queiconques. Om e donc 
consideré qe le passage d'un systéeme de coordonnees sphériques & un autre est une opers- 
tion benale effectuse sur appel du sous-programe. et que ie nopbre de systenes de cour - 
doanees spheriqucs auziliaires utilieés n'est pas lieité. Oes lors, les calculs de savi- 
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gation peuvent, en toutes circonstances, y compris dans les zones polaires, tre effectues 
dans un systeme de coordonnées shpériques auxiliaires convenablement choisi, et cela 
toujours de la séme fagon. Ainsi n'y a-t-il qu'un seul mode de calculs de navigation, et 
la memoire d’ instructions du caiculateur s’en trouve allégee. 


Fo résume, le systeme de navigation @ inertie qui a ete étudie en vue de son utilisation 
sur de longues distances est caractérisé par le fait remarquable qu'il ne comporte, en ce 
qui concerne les calcuis, que deux modes d’opération: un mode aligneaent et un mode navi- 
gation. 


La description de ces modes, ainsi que leurs avantages et leurs particularités font 
l’ objet des paragraphes qui suivent. 


2. MODE ALIGNEMENT 


2.1 Description 


Le plateforme, ou plus exactement le coeur de la plateforme, n'est pas asservi au Nord; 
er particulier, lors de la aise en route, son orientation en azimut est qelconqe, et 
est maintenue fixe @ sa valeur initiale pendant l'alignement de le plateforme. 


On adwet que le calculateur connalt la latitude du lieu, et a conserve en mémoire les 
valeurs des derives propres des gyros mesurees antérieurement (4, 9,4,.43-) - 


A le mise en route de l’equipesent, un calage préliainaire sur aynchros est opere en 
horizontalité, en prenant comme référence roulis et tangage nuls; d'autre part le synchro 
de cap de la plateforne est recopié par un répetiteur. 


Apres chauffage conavenabdle et wise eu route dea gyros, le répétiteur do cap platefcree 
est immobilisé, le calculateur iapose aux gyros les taur de precession suivants; 


> Gy, sur le gyro de verticale Gz dont l’ase d'entree fait. avec le aéridien, ua 
axgle wv. 


+ qty, sur le gyro de verticele Gy dont l'axe d'entrve fait, avec celui du gyro 
G . wn angie de 7/2. 
o 


sin L- d,, sur le gyro d’aziout Gz. 


D’ autre pert. les bouclages suivents sont operés: 


(a) En horsacntalaté 


L'accéléropetre Ax est boucle sur le gyro Gy . ¢t l‘sccélérowetre Ay sur le 
gyro Gx . selon le diagrempe ‘e principe de la Figure 1. Les parasetres de ces 
boecles sont choisis pour leur donner une geriode naturelle de l’ordre d 6 einutes 
et um enortissenent de l'ordre de 0,7. 


tl est facile de sontrer qa la position d équilibre. le sortie de 1 scceleronetre 
Az est aulle et la sortie de 1’ iatégrateer sesure la vitesse angulaire sentie par le 
ero ty. c'est-a-dire la some de la composante de le rotation terrestre sur son axe 
d@’entree et d'une derive propre residue lle 4, (différence entre le dérive propre 
actuelle ct la dérive compenséc anteriverememt d,, . c’est-a-dire “Dérive de jour & 
jour”). 


La position 4’ equi libre des boucles ¢ horizontalité est déefinie par les relations 
seiventes: 
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6. = 0 
Uy = -leos L sin y + dy 
cy = 0 


1 

c 

= 
“ 


Q cos L cos y + dy 


D' autre part le calculateur effectue les opérations: 


Y, = -are te (Uy/Ux) 

d, = v(ux? + vy?) - Nicos L 
dq, = +d, cos y, 

ay, = - d, siny,. 





Ces résultats ont la signification suivante: 4+, est le valeur de l’ angle que 
fait avec le meridien la direction OX de le plateforme, & une erreur ores € , dont 
le calcul est indiqué dans 1’ annexe, et dont la valeur prévisible est pratiquesent 
égale au rapport de le dérive de jour a jour des gyros de verticale @ le composante 
horizontale de la rotation terrestre. d, est la valeur de la derive de jour @ jour 
des gyros de verticele, en projection sur l'axe ON, et constitue donc un test de 
confiance dens les gyros. 


G,, et dy, sont les termes couplésentaires de compensation qu'il faut sjouter 
respectivement @ d,, et d). pour amuler la composante Nord de le dérivs des deux 
gyros de verticale. 


En aziaut 


(b 


_ 


La liaison synchro de cap pleteforse sur le cepétiteur ismobilisé est bouclée sur 
le gyro d’ azisut selon le diagrame de principe ce le Figure 2. Les paremdtres de 
“cette boucie sont choisis pour lui donner une periode naturelle de l'ordve Je 6 minutes 
et un aportiasement de l'ordre de 0,7. 


A le position d’equilitre. le sortie de l‘ intcgrateur sesure Ja derive de jour a 
jour @,, du gyro Gz. 


2.2 Bode operatoire 


fa eode operatotre oareal, le ay~teme eat place en “ALi greneat” apres une sequence erto- 
@atique, réealisent le cheuffage de le plateforwe, le calage prélivinaire sur aynchroo, et 
la eise en route des gyros. , : 


Apres 6 minutes environ de fonctionnesent sur Je pode aligneweat, le calculatesr mores 
dea resuitats eur des effichages appropries: 


- le cap de L'avion C (obtenu par difference du “Cap pleteforme” CP. #élivee par 
gon synchro, et de l'angle calcule w, C= QM+-e,), 


- les derives de jour a jour des gyros @, et 4,,. 


Le pilote eat alors en sesere de porter use appreciatioc sur le feectionsement du ays- 
tepe. Fn effet. le cap C peut étre ianddiatement compare an cap sagedtique. eb teneat 
compte de la deciinaison locale; d'astre part, les dérives affichees d, et 4,, 
doiveat btre inferieures aux tolerances sdmises pour les derives de jour 's jour. 
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Lers du passage en mode “Navigation” les valeurs des teraes dy, dy, et d,, seront 
automatiqueme:t prises em compte par le calcnlateur pour la mise a jour des termes Boas 


dyo + 42) conservés en mémoire. 


Si le pilote dispose d’ur: temps suffisant, il pourra, au lieu de passer en mode 
“Navigetion”, “répeter” le mode alignement. L’ordre de répétition declenche les opera- 
tions sui. antes: 


- les termes d d,, et d 


xi Yy sont pris en compte par le calculateur, 


Zi 


- la plateforme est décalée de 90° en azimut (en imposant au gyro d’azimut une pre- 
cession rapide), 


- un nouvel alignement est opere. 


Le calculateur élabore les nouteaux resultats: 


¥ 2 -are tg (Uy/Ux) 


d, = v(x? + vy?) - Q cos L 


4,2 = +d, cos ¥, 


dy. = -d, siny, 

Ces nouvesux résultats ont la signification suivante: ¥Y, est la valeur de l’ angle que 
fait avec le méridien la direction OX de la plateforme; mais il n’v a plus d’erreur € , 
ladc.:ve 4, ayant été corrigée d, est la valeur de la derive de jour & jour des gyros 
de verticale, en projection sur l’ axe ON, et, cu fait de la rotation de 90°, ona 


dy, et dy. sont les termes complémentaires qu'il faut ajouter respectivement @ d,, et 
dy, pour annuler totalement 'a derive des deux gyros de verticale. 


Ce mode peut, bien entendu, étre répété a nouveau, la plateforme étant placee en aligne- 
ment apres des adcalages successifs de 90°. L’observavion du cap -alcule et des mesures 
successives des dérives d et qd, qui, a partir du troisieme alignement doivent étre 
nulles, ou inférieures aux tolérances admises pour les cérives & court terme, constitue un 
test de bon fonctionnement au sol, le délai nécessaire pour passer en rode navigation étant 
toujours au plus égal & la durée minimum d’un alignement (10 minutes environ). 


2.3 Avantages 


La méthode d’alignement précédemment décrite possede un certain nombre d’ avantages 
remarquab les: 


(a) Il n’y a qu’un seul mode d’alignement, il en résulte une simplicite des commutations 
et des programmes de calcul. 


(b) L’orientation de la plateforme en azimut étant quelconque, la connaissance approxi - 
mative de la direction du Nord n'est pas nécessaire pour favoriser les conditions 
initiales de 1’ alignement. 


(c) Le mode alignement peut étre répété a volonte - avec déecalage de la plateforme de 
90° en azimut - pour parfaire la correction des dérives des gyros, sans qu'il soit 
nécessatre de connaitre a priori le délai dont on dispose; le délei nécessaire pour 
passer en mode navigation est toujours au pius égal a la durée minimum d’un aligne- 
ment, 
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(d) La répétition du mode alignement conmstitue le meilleur test de fonctionnement au 
sol. 


(e) & mode opératoire ncrmal, comportant un seu) mode alignement, la correction de la 
derive des gyros est entretenue par le fait du caractere aleatoire de 1’ orientation 
de la plateforme en azimut, lors des mises en route successives. 11 en résulte 
qu’il n’y a pas lieu de faire une révision périodique de la compensation des gyros, 
relle-ci étant entretenue par l'utilisation opérationnelle du systéme. 


3. MODE NAVIGATION 


3.1 Description 


3.1.1 


La méthode utilisée pour le node navigation repose sur deux idees de base qui ont été 
inspirees par les condit.ions normales @’ utilisation: 


(a) La premiere idée de base est qe }’avion a l’ intention d’aller d’un point origine 
A & un point de destination B, en suivant un arc de grand cercle, et qu’il importe 
sutant de connaftre a tout instant la position par rapport 3 ces points —- c’est-a- 
dire l'écart latéral par rapport a la route a suivre, et la distance du point de 
destination - que la position exprimée en latitude et longitude geographiques. 
Cette notion montre que le systeme est oriente vers la fonction ‘“guidage” de 1’ avion, 
plutét que vers la seule fonction de “navigation”, cette derniere pouvant se réduire 
& la connaissance de la position présente, de la route actuelle et de la vitesse 
sol. 


I] faut ajouter que les points A et B sont definis par leur latitude et longitude 
géographiques, qu'ils sont en nombre quelconque, je plan de vol pouvant comporter 
un grand nombre de trongons successifs, et que leurs coordonnées sont soit conservées 
en mémoire dans le calculateur, soit introduites manuellement a volonté; enfin, la 
position presente peut en outre étre choisie comme point origine pour une destination 
queiconque. 


(b) La deuxieme idée de base est que l'arc de grand cercle AB étant choisi comme equa- 
teur d’un systeme de coordonnées sphériques auxilisires, les calculs de navigation 
seront toujours effectues en totalite dans ce systeme, y compris les integrations 
nécessaires kh la connaissance de la position, la latitude et la longitude géographi- 
ques étant obtenues finalement par transformation de coordonnées. Cependant, on 
calcule les composantes Nord et Est de la vitesse so] afin d’en déduire la route 
suivie, élément utilisé a titre d'information, et non comme parametre de guidage. 


3.4.2 


Pour mieux décrire les équations du mode navigation qui sont traitées par le calcula- 
teur, i] faut tout d’abord préciser ce que 1’on attend des sorties du calculateur: 


(a) Conduite de la plateforme 
La calvulateur devra fournir les taux de précession a imposer aux gyroscopes de 
la plateforme afin d'une part de maintenir celle-ci horizontale et d’autre part de 
la faire precessionner en azimut & un taux égal & celui de Ja rotation du méridien 
auxiliaire (grand cercle joignant la position presente au pole de l’arc AB). 


(b) Conduite de l’avion 
Le calculateur devra fournir les coordonnees de position de l’avion par rapport 


a l'arc AB a parcourir, ainsi que la transformation de ces coordonnées en latitude 
et longitude. 
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Le calculateur devra fournir en outre divers facteurs, fonctions de la position 
presente, necessaires & l'élaboration des taux de précession de la plateforme, 
ainsi que la route suivie. 


3.4.23 


Les équations treitées par le calculateur sont explicitées dans les Figures 2 et 4. 
On remarquera que la charge de travail du calculateur a ete repartie en deux groupes: 


(a) un groupe de calculs est opére & fréquence rapide, soit 10 Hz; ces calculs sont 
tous des calculs de vitesses : vitesse horizontale, taux de bouclage des boucles 
de Schuler, vitesses angulaires en latitude et longitude auxiliaires, convergence 
des meridiens auxiliaires, taux de precession & imposer aux gyros de la platefcrme. 


(b) l'autre groupe de calculs est opéré a fréquence lente; une fréquence de C,25 Hz 
serait suffisante, mais la capacité du calculateur autorise en fait une fréquence 
de 2 Hz. Ces calculs sont surtout des calculs de position présente et de facteurs 
fonctions de la position présente (fonctions sinus et cosinus de la latitude auxi- 
liaire, de la latitude geographique, de l’angle y de référence de la plateforme 
par rapport au Nord, rayon de courbure et torsion de la trajectoire engendrée par 
le vecteur vitesse horizontale).  y ajoute le calcul des accélérations de 
Coriolis, ainsi que celui des composantes Nord et Est de la vitesse afin seulement 
d’en deduire ia route suivie. 


3.2 Remarques 


3.2.4 Définition de la navigation sur un arc de grand cercle 


Comme on 1’a dit plus haut, les calculs de navigation sont effectues dans un systeme de 
coordonnées spheriques dont, 1’ équateur est le grand cercle de la route a suivre. I] est 
intéressant, & ce sujet, de faire une remarque sur la signification des équations utilisées. 


La loi de guidage de 1’ avion sur le grand cercle a suivre peut s’ecrire tres simplement 
sous la forme 


soit = -tga , a@ étant une censtante caracterisant le grand cercle a suivre. 


ef | € 


Si on se reporte aux équations du bouclage de Schuler qui font apparaitre que ay [ary 
est différent de -Vy/V, en raison de la présence du terme de torsion géodésique, on en 
deduit que l’arc dont la tangente est -V,/V, est non pas une constante, mais une variable, 
c'est-a-dire que le “Cap plateforme” n’est pas constant. 


Il s’ensuit que la loi de guidage adoptée, 
L 


est légerement differente de la loi, familiere aux navigateurs, selon laquelle la route 
orthodromique est suivie en maintenant a une valeur constante le cap fourni par un systeme 
conventionnel de référence gyroscopique directionnelle (corrigé de la rotation terrestre 
et non de la convergence des méridiens). 


On a calcule que la différence entre ces deux lois se traduit par un écart lateral de 
6 nautiques environ sur le parcours Paris - New York, et un écart néegligeable le long de 
la route, 
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3.0.2 Navigation sans Destination 


Cn a dit qu'une des idees de base qui ont servi @ l'établissment des equations de le 
navigation est l‘ intention d’aller d’un point Aa un point B. Or, il est tres concevable 
également de prendre ]’air sans qu'une destination soit a priori imposee. 


En ce cas, on choisira comme destination arbitraire un point quelconque du méridien 
origins, le pole Nord pour plus de simplicite, ce qui revient & adopter un systeme de 
coordoniees spheriques auxiliaires dont le meridien origine est 1’ équateur. 


Compte tenu du fait que la convergence des méridiens de ce systéme auxiliaire est 
toujours entretenue, il sera possible de naviguer sans destination dans toute la zone 
comprise entre les paralleles auxiliaires + 60° c’est-a-dire au moins jusqu’a 3600 
nautiques du point de départ. Avant que cette distance soit atteinte, il est plus que 
probable qu'une destination aura pu étre choisie et qu’ ainsi on aura pu adopter un autre 
systeme auxiliaire ayant pour équateur le grand cercle joignant la position présente a 
l’ instant du choix, a la destination choisie. 


3.3 Avantages 


La méthode utiliseée pour le mode navigation présente les avantages suivants: 


(a) Le mode navigation est universel. Les calculs sont en effet toujours les memes, 
quelles que soient les destinations ou les régions survolées, y compris les zones 
polaires. 


(b) Du fait de l’unicité du mode navigation, le programme d’ instructions du calculateur 
est allégé;: il l’est d’autant plus que le sous-programme de transformation de 
coordonnées spheriques est en outre utilisé a d’ autres fins. 


4. CONCLUSION 


On a montré briévement pourquoi et comment un systeme de navigation a inertie a ete 
congu en vue de son utilisation sur de longues distances. 


Les avantages du systeme décrit sont manifestes; les deux seuls modes d’ operation 
sont 


- le mode alignement, qui permet, outre sa fonction principale, d’entretenir la correc- 
tion de la dérive des gyroscopes, rendant ainsi inutiles les calibrations periodiques, 


- le mode nuvigation, qui non seulement permet de couvrir de fagon universelle toutes 
les régions du globe, mais aussi est particuliérement bien adapté a le fonction 
“guidage” de l'avion. 


Il faut ajouter qu’un tel systeme n’a pu étre concu qu’en faisant appel @ 1’ aide 
puissante d'un calculateur numerique dont le réle est évidemment primordial, tant dans la 
recherche du Nord, lors de l’alignement, que dans 1’ élaboration des signaux de guidage 


lers de la navigation. 











ANNEXE 


CALCULS RELATIFS AUX DERIVES DES GYROS Gx ET Gy 





La dérive d, du gyro Gx est équivalente @ un vecteur rotation d, porté par OX ; 
de méme la dérive du gyro Gy peut étre representee par le vecteur dy porte par OY. 


Le résultante de d, et d, , ajoutée au vecteur [2cos L porté par ON donne la 
direction du Nord apparent ON, avec lequel l’axe OX fait 1’ angle Wy defini par 


Y, = care tg (Uy/Ux) 


avec Uy -2 cos L sin y + dy 


-Ux = Neos Leos y +d, . 


x 


En projection sur l'axe OW, perpendiculaire & ON, , larésultante du vectuer dy + dy 
& pour valeur 


qd, sin Yy + dy cosy, . 


L’angle ¢€ , angle que fait le Nord apparent avec le Nord vrai, est un petit angle, et on 
peut écrire 
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dy sin y, + dy cos , 
ee SRLS 
2 cos L 


En projection sur 1’ axe ON, , la résultante du vecteur a + dy & pour valeur 


dq, = qd, cos y, - dy sin Yy 


dont une autre expression est, pour € petit, 


d, = /(x? + vy?) -Qcos Lh. 


: 
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SURMARY 


The advent of inertial navigation systems is approaching its twentieth 
anniversary and during this period major emphasis has been placed on per- 
formance. This has required the design and manufacture of equipment in 
which performance has been the dependent variable to be maximized. In many 
instances, state of the art desi:ns were needed on almost a continuous besis. 
It is the contention of this papr that, while performance should be given 
prime emphasis, the economics of using inertial navigation equipment sheuid 
also be given serious consideration. The Air Force previously hat *o<teced 
the joint cost-performance approach through the esteblishment of b:tacheent 
1 of the AF Avionics Laboratory at Holloman A¥B, New Mexico, along sith cider 
stimuli to the various potential contractors for inertial navigsti:n systens. 
Sone members of the industrial inertia) community now are consi¢-ring the 
use of their equipment froe not only a performance but from als> 0 cost 
totality aspect. For many years, over-simplified expressions were appiied 
to determine system acceptability - acceptable or non-accepta>l« - with little 
regard to system reliability. Consequently, what can cesily happen, and whet 
has happened in the past, is that eqipeents which aprear «ert . t:active 
from an initial cost standpoint, can require significan: funding 1. support 
of operational use. This paper supports the need for a iota) perforeance 
(including reliability and seintainability) cost -:f-owmership approach 
toward inertial navigation ayatem design and selection. ‘u addition. a coa- 
cept entitled COPE - an acronyn for Cost-of-Ounership Performance is pres- 
ented, defined and applied to inertial navigation system design and selection. 
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COST-OF-OBNERSWIP PHILOSOPHY 
APPLIED TO INERTIAL NAVIGATION SYSTESS 


W.J.Laubendorfer, R.V.Plank and E.J.DeNezza 


1. INTRODUCTION 


Hom should a user procure inertial equipment to provide the best combination of econony 
and performance? Without question the application of two discipiires is necessary, the 
all too feniiiar state-of-the-art with regard to performence and the less familiar stete- 
of-the-economy with respect to cost. For many years these two disciplines were applied by 
first determining technical acceptability and then the low bidder with respect to acqisi- 
tion cost. Jt is our contention that this procuresent philosopty is an oversiaplifiad 
application of these two disciplines. All too often this procureeeat philoscphy, when 
applied, has resulted in the Air Porce buying equipment which appeared very attractive 
from an initial cost standpoint but required excessive funding for operstional support. 


We sops te show that the Technical Acceptability - Low Bidder philosophy should be 
Teplaced by a more coaprebensive Perfcorsance . Cost-of-Ounership milosophy. In essence, 
we Baintain thet 


fi) The etate-of-the-art with regard to performance aust include not only accuracies, 
reaction tines, powe>. weight, sims, etc, but reliebtlity and selotainability. 


(14) The state-of-the-economy with reapect to cost must im iude not coly initial ccate 
but complete user cost or coet-of-oenershis. 


Be hope to develop and combine thuse disciplisea into a quantitative. ussdle tool that, 
if applied at program start. wfll sot only provide a means of selecting the eee: aystes. 
but will be an instruaent for efficient ant eHiess tee design. 


8. TECHNICAL ACCEPTABILITY - Low BreDee PRILesoPaY 


All too often. once a ayntes is considered technical ly acces it geveral ly ie pro: 
céred from the lows: bidder. 


To illvstrete ebat say happes. let us conaider the folloeiag hypothetical eituaticn: 


Inertia] Qystees A and 8 are considered tecmice) ty sccemene sad character! ted 
by Table 1 


TABLE 3 








eS, 


Systen A Syaten B 





Acqisition cost ($) 72,300 106, 000 
Inertial Weasering Unit (MM) cost (3) 35.000 48, 000 
120 400 


Ih TOP (hours) 


(Thais does aot laclede | aay prorated costs for tooling. training. 
spares. adniaistrative support. inveatory, etc.). 
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Under the aforementioned procurement philosophy, the user would probably procure 
inertial System 4. (Cn the surface, this appears te be a reasonable choice. However, let 
us analyze this decision with # very simple cost-of-ownership mode] using the IMU. 


Assume: 

(i) An aircraft utilization rate of 20 hours per week. 

(ii) A depot repair cost of $8,0CO per JMU (System A) and $9,000 per IMU (System B). 
(iii) A depot repair cycle for both IMUs of ten weeks. 

(iv) A base repair cycle (pipeline time*) for both IMUs of two weeks. 


(v) A depot /base repair ratio of 2:1 (i.e. for every three IMU failures, two are 
repaiied at the depot and one on the base). 


Table II summarizes the results of Figure }. 


TABLE II 


System B 


No. of IMU’s required for ! aircraft 
No. of cepot reps:rs (1 yr) 
(3 yr) 





Computing cost of ownership in this model as 


C.0. = (Cost per IMU x No. IMUS required) + (No. of Depot Repairs « Cost of 
Depot Repairs) 


the cost-of-ownership versus years of service is shown in Tuble III. 


TABLE III 


$145, 900 $114, 0CO 
$225, 000 $141, 000 





Thus, when translated into the meaningful terms of user costs, the selection of System 
A indeed becomes the poorer economic selection. Further analysis of the IMU's utiliza- 
tion, as presente! in Figure 2, shows the number of systems required increases with air- 
craft use rate. It is of interest to note that if the depot/base repair ratio is chrnged 
incrementally from 1:1 and then finally all depot, the net result is that the same number 
of IMU’s is required; however, the margin of availability is significantly decreased. 
The margin of availability is defined as the number of system weeks a spare IMU is avail- 
able prio: to an in-use IMU failure. For the all-depot case, the margin of availability 





: frote time is defined as the elapsed time to repair defective equipment, including transporta- 
tion time. 
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is approximately two system weeks. For the 2:] case, the margin varies from 8:5 system 
weeks to two system weeks. The user must determine the acceptability of this margin. 


The above analysis, while hypothetical, is based upon realistic data on repair cycles, 
repair costs, depot/base repair ratios, etc. and we feel it clearly illustrates the 
limitations of the technical acceptability-low bidder procurement philosophy. 


We propose that technical acceptability be replaced by total performance (i.2. inciude 
MIBF, maintainability, etc.) and that serious consideration be given to the elimination 
of the low bidder philosophy in favor of a low cost-of-ownership philosophy. We advocate 
this philosophy not only for selection but for the design of future inertial navigation 
equipment. This approach would result in the identification, collection and analysis of 
all costs from equipment design inception to obsolescence and phase out. The need for 
selecting equipment on this basis is acute. 


3. PERFORMANCE - COST-OF-OWNERSHIP PHILOSOPHY 


It is now necessary to present in more specific terms what we feel should be considered 
as part of performance and cost-of-ownership. 


3.1 Performance 


There are many specifications which can be applied to the procurement of equipment. 
Probably these specifications increase in direct proportion to equipment complexity and 
environmental use. Should it be required to procure a sphere of 7075 T6 aluminum, measuring 
three inches in diameter with a sphericity of 5¢ u" at 72°F having a 16 u" r.m.s. finish, 
the possible specifications are few. The requirements have been specified fully and can 
be demonstrated adequately by available measuring equipment. But notice that no require- 
ments have been stipulated for any aspect of time or for use in any environment. A pro- 
curement as simple as this one appears would becone significantly complex should a time 
and environmental aspect be included. When a user desires to procure equipment as complex 
and expensive as an inertial navigation system, the specifications are many and equally 
complex. The specifications are cither the complete responsibility of the supplier nor 
the user. However, there must be a beginning. It must start with the user, who must be 
in a position to describe in intelligible terms his performance needs ahd economic require- 
ments. It is here that realistic, achievable MBIF and maintainability requirements must 
be specified. His performance needs should not be directed toward the best obtainable, 
but rather toward that whict is sufficient for the task at hand when a reasonable growth 
factor is applied. This requires persona] judgment which must be based on experience and 
judiciously applied. Furthermore, the method of demonstrating performance characteristics 
must be included with performance models and mechanizations. Certainly this places a 
significant technical burden on the user, but that is exactly where it belongs. 


3.2 Cost-of-Ownership 


The assignment of cost items is more complex and cne in which significant latitude can 
be expected unless meticulously defined and continuously controlled. This area is prob- 
ably more of a joint effort between user and supplier. While specific cost breakdowns may 
vary, we believe you will agree that all costs can be included under four general cate- 
gories: materials, people, facilities and transportation. This costing should follow a 
“cradle to the grave philosophy’ as indicated below: 


(i) Acquisition costs 
(a) Research and development 
(b>) System procurement 
(c) Non-recurring equipment 


(ii) Operating costs 
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(iii) Maintenanee costs 


(a) Base 
Materials - spares, aerospace ground equipment (AGE), etc. 
People 
Facilities 
Training 


(b) Depot 
Materials - spares, AGE, AGE spares, etc. 
People 
Facilities 
Training 
Transportation, 


The obvious question is where and how does the user secure these cost figures? The 
answer is that the cost-of-ownership rationale, if used by the user and supplier from pro- 
gram inception, will provide data and cost figures necessary for system selection. This 
can best be illustrated by considering the use of cost-of-ownership in inertial system 
design. We shall do this in part, by outlining our own history and experience and the 
cost-of-omership techniques we have developed. 


4. COST-OF-OQWNERSHIP - PERFCRMANCE IN DESIGN 


In 1963 the Air Force Systems Command expressed deep concern over the rising costs and 
low reliability of Aircraft Inertial Navigation Systems. Those developing and delivering 
inertial navigation equipment have had to increase perfcrmance, due in part to higher 
performance aircraft and more severe operational requirements. The accomplishment of this, 
actually or theoretically, has required designs to ve advanced to the very brink of the 
state of the art. In some areas, this increased risk and complexity has resulted in 
reduced reliability. The Air Force concern has had a multitude of results, one of which 
was the establishment of Detachment #1, Air Force Avionics Laboratory, at Holloman Air 
Force Base, New Mexico, in July 1963. This organization was established for two major 
reasons: 


(i) To accomplish the in-house design, development, fabrication and test cf a low 
cost inertial navigation system which utilizes the best components available 
without being restricted by the walls of proprietary bias. 


(ii) To increase substantially Air Force in-house capability in the inertial navigation 
and guidance area’, 


There are two main ideas in (i). First, the equipments from different manufacturers 
are used and integrated into an operable system. Second, the approach is to low cost-of- 
ownership, not merely low cost. Neither of the foregoing has been accomplished previously 
for inertial navigation equipment used for military aircraft. In order to select the best 
components, the Detachment embarked on a subsystem basis as the only reasonable approach 
leading to a correct selection, Why subsystems? Consider the following: 


Mr Magellan requires gyroscopes for his inertial navigation system. He listens to 
various manufacturers extol the advantages of their particular approach and design. As a 
result of discussions with many manufacturers, Mr Magellan selects three gyros whose 
characteristics are summarized in Table IV. He quickly selects Gyro B by reasoning that 
its cost per MTBF hour is $5.0/hr and the cost for two gyros is $8000, as opposed to 
$10,000 for uyro A and $10,500 for three of Gyro C. Further investigation uncovers the 
need in Gyros A and B for a redundant axis capture loop which Mr Magellan determines will 
cost $700 with an MTBF of 6000 hours. Table V is a revised cost effective table showing 
more of a total approach. 








a sefleta ge Ue Pn 
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TABLE IV 


Gyro 


Type Two -degree- Two-degree- Sing le-degree- 
of-freedom of -freedom of-freedon 


Performance 0.01°/hr 0.01°/hr 0. 01°/hr 


Cost ($) 5000 4000 3500 
MTBF (hours) 1000 700 
Cost ‘MTBF 5.0 : 5.0 





TABLE V 


MIBF (hours) 
Gyro BB Gyro C 


705 700 


COST ($) 
Gyro A Gyro B 


Gyro 5000 4000 
Gyro 5000 4000 
Gyro se-- sees 
Redundant axis 700 
Total 10, 700 


Cost/MTBF ($/nr) 23.1 





Next he realizes that the output signal from Gyro B contains high and undesirable signals 
at particular frequencies, and that various filters must be added to his servo loops at en 
estimated cost of $90/servo loop for a total of $270, exclusive of assembly time. The 
basic servo loops for Gyros A and B are estimated to have an MTBF of 4500 hours which, with 
the addition of the notch filters, becomes 3200 hours. The estimated costs for the servo 
loops are $3500 without filters and $3770 with filters. Similar values for Gyro C require- 
ments were estimated to be a cost of $2750 with an MTBF of 5000 hours. Another revision 
shows the values in Table VI. 
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TABLE VI 


Gyro A GyroB GyroC 


Cost /MTBF 33. 9 37.3 59.3 





Additional thought on Mr Magellan's part coupled with subsequent tests by manufacturers 
A and B provides the data of Table VII. 


TABLE VII 


Gyro A Gyro B 


Temperature sensitivity 0.1°/hr°F = 0. 01° Anr’°F 





In order to maintain adequate system performance using Gyro A, a temperature control of 
better than 0.05°F is required in order to reduce this error source to 50% of the specifi- 
cation value. This is translated into a cost differential of $1000 and a lower MTBF. The 
cost/MIBF between Gyro A and Gyro B is reversed, and Mr Magellan reflects on his original 
decision. This line of reasoning can be continued to the level of detail necessary to 
determine which of several possible choices should be made. Naturally, the selection can 
be only as good as the input data but, nonetheless, an anaJysis based on valid assumptions 
is significantly better than none at all. Furthermore, if users apply essentially the same 
reasoning to equipment selection, manufacturers will have no alternative but to determine 
and supply the information as needed. Admittedly, the foregoing example is a simplifica- 
tion of the real problem at hand. However, its main purpose is to provide the user with 
the desire for a solution. All too often drift data, such as gyro rates, are questioned 
without equally important emphasis being placed on equally important parameters. The 
application of a subsystem philosophy precludes the inadvertant omission of these important 
parameters, In addition, this philosophy provides a hase line by which components of 
widely varying characteristics can be combined and optimally selected. 


As a further example of the trade-offs to be made in subsystem design, consider Table 
VIII, which is a partial listing of Unipolar Mechanization Errors? at the end of four hours ‘ 
flight (Initial latitude 45°, Velocity 1000 ft,/sec, Northeast two-hours, Southeast two 
hours): 


The example of Table VIII serves to illustrate that at the component level design trade-offs 
can be similar in manner to a linear programming transportation probiem: maximize the 
profit (performance) and minimize the cost-of-ownership. By using the 0.05% scale factor, 
the gyro performance cculd be adjusted to provide comparable system performance (0.01 
noise, 0.1% scale factor) which, in reality, probably is the more proper approach. Ob- 
viously, the next step is to ascertain the cost and reliability differential between using 
a 0.01°/hr gyro as compared to 0.015°/hr and a 0.1% scale factor as opposed to a 0. 05% 
design. With the inherent stability of magnetic materials, the 0.05% design is considered 
to exhibit a relatively minor impact on design difficulty, cost and reliability, as com- 
pared to the 0.1% design. However, since gyro assemblies represent « complex assembly of 
interconnected and inter-related precision parts, the 0.015°/nr component probably will 
represent a component of lower cost and greater reliability. Obviously, this process can 
and should be analyzed more adequately for the entire ensemble of errors within each sub- 
system. All too often, equipment has been procured on the basis of what is available 
rather than what can be manufactured on the basis of sound technical and cost-of-ownership 
trade-offs. 
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TABLE VIII 


Error Source Position Error 


Ry Ry 


X gyro noise (°/hr) 
(T, = 1 hour) 


Y gyro noise (°/hr) 
(T, = 1 hour) 


X gyro scale factor 
Y gyro scale factor 


Z gyro scale factor 


RSS error after four hours using components having 
0.01°/hr noise and 0.1% scale factor is 42,600 ft. 
RSS error after four hours using components having 
0.C015°/hr noise and 0.05% scale factor is 36,100 ft. 





The preceding examples show how, by using a technical and cost-of-ownership trade-off 
rationale, the system designer can select. and design the best components for each sub- 
system. Further, the system designer is accumulating cost-of-ownership data for each and 
every component and subsystem. In order to design a low cost-of-ownership system, quan- 
titative data describing each component is necessary. Such detailed data, concerning cost, 
performance, reliability, maintenance, etc. can be gathered only if cost-of-ownership is 
considered in each step of the design process. The Detachment, in order to accomplish 
this, divided into four major subsystems as follows: 


1, Gyro Subsystem 


(a) Gyros 

(b) Signal conditioning electronics 

(c) Stabilization and compensation electronics 
(d) Gyro torquing electronics 

(e) Redundant axis electronics 


2. Accelerometer Subsystem 


(a) Accelerometers 

(b) Signal conditioning electronics 
(c) Rebalance loop electronics 

(d) A/D conversion electronics 


3. Gimbal Subsystem 


(a) Gimbals 

(b) Platform torquers and resolvers 

(c) Resolver A/D conversion electronics 
(d) Wiring interconnections 

(e) Platform vibration isolators 
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4. Computer Subsystems 


(a) Computer 

(b) Display 

(c) Control Panel 

(d) Altimeter encoder 


Each subsystem has three additional items which are common. These are 


{i) Subsystem AGE 
(ii) Subsystem non-recurring equipment 
(iii) Ancillary equipment. 


Once the subsystems listed previously are defined, the total cost-of-ownership of the 
system (COgyg) is the summation of the cost-of-ownerships of each subsystems (CO_,) plus 
miscellaneous costs associated with their integration. Therefore, 


where COpys is the cost-of-ownership of total system 
COgg is cost-of-ownership of gyro subsystem 
COas is cost-of-ownership of accelerometer subsystem 
COgig is cost-of-ownership of gimbal subsystem 
COpg is cost-of-ownership of computer subsystem 
Cy miscellaneous costs required by integration. 


Each of the foregoing subsystems has associated costs as shown on Figure 3. A detailed 
discussion of the subsystems developed by the Detachment is included in the Appendix, 


5. COST-OF-OWNERSHIP - PERFORMANCE EN SYSTEM SELECTION 


We now have indicated how a user can secure the basic selection data from suppliers by 
directing the use of performance and cost-of-owmnership trade-offs during the design phase 
of the initia! system. But it must be emphasized that this is only the basic data. The 
user must consider at least the following additional factors: 


A. Use Rate, Pipeline Time and Repair Costs 


Considering again our previous example of Systems A and B in Section 2, it is obvious 
that total costs are extremely sensitive to use rate ind pipeline time, This sensitivity 
is so great that the user should concentrate his effort on increasing tne effectiveness 
of the pipeline in addition to the hardware at this atage of the procurement cycle. This 
sensitivity and its importance is illustrated in Figures 1 and 5. 


After reassessing the use rate, pipeline time and repair costs with the aid of appro- 
priate Air Force repair facilities, the user can amplify or modify the contractor's cost- 
of-ownership data. Specifically, this will include the requirements for additional sys- 
tems, and/or spare parts, which will have an end effect on cost-of-cwnership. 


B. Operating and Maintenance Procedures 


Aviation Week states that ‘New data on avionics equipment failure rates indicate that 
the user and his maintenance procedures may have as great an effect on reliability as the 
equipment manufacturer”. 


Further, Aviation Week found that the same equipment which is subjected to different 
user operating and maintenance procedures can have variations in MTBF by a factor of as 
auch as 10:). It is imperative that acceptable procedures be defined at the outset (or 
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at some milestone date) and attendant costs be assigned. With such information, the user 
will be able to assess his operating costs per hour and to identify those cost items in 

the contractor’s proposal that require modification. In addition, some repair philosophy 
has to be established so that an economical break-even point is determined. This, in 
effect, stipulates an acceptable cost to be incurred in the repair of a piece of equipment. 
Newark Air Force Station has determined this to be 60% of the original system procurement 
cost for any one repair. Therefore, in the total cost history one must account for this 
funding requirement. 


C. Inventory Control 


The cost-of-ownership should include those items previously outlined in addition to 
inventory management as defined by the Logistics Management Institute’. LMI states that 
“estimates of the annual cost of holding an item in inventory range from 15 - 25% of the 
average inventory value”. While this statement is significant in itself, one readily 
can see that now the basic maintenance concept must be defined with regard to a repair or 
throw-away concept. 


We have already accumulated the data on pipeline time, use rate and repair costs. Using 
these, the user can generate more specific cost factors and draw a comparison between two 
basic approaches: repairable and throw-away. 


Using the repairable approach the user must of course consider all costs: acquisition, 
operating and maintenance, both base and depot. Using the throw-away concept, the user 
considers all costs except depot maintenance but he must add further costs for spares. 


The consideration uf these two basic approaches is considered significant from two 
standpoints: 


1. Will the throw-away concept have less effect on system MTBF as a function of the 
number of repuir cycles? 


2. Will the reduction in pipeline equipment requirements offset the additional base 
inventory required? 


Now that the contractor's or suppliers’ cost-of-ownership data has been amplified and 
modified, a comparative tool is necessary to complete the selection process. Since the 
parameters of greatest concern are cost-of-ownership and performance, these parameters 
can be considered to be factors of a product and are defined as follows: 


COPE = Cost-of-Ownership « Performance (Ref.4) . 


CO now is defined as the total cost of the system in dollars per hour of operational life. 
System PE is defined a» che accuracy of position indication in nautical miles per hour 
(30 radial) for a selected flight path and duration. That system which exhibits the lowest 
COPE number for a given performance or for a given cost-of-ownership represents the best 
selection. Unless applied to a specific requirement, either performance or cost, the 
lowest overall COPE number would provide a system probably either too expensive to operate 
or performance much hetter than needed. Regardless of how the cost categories are grouped, 
they must include all cost items such that their total is the total cost-of-ownership of 
the system. The user could: 


(i) For a given cost, select the system that maximizes performance. 


(i) For a given performance, select the system that minimizes the cost-of-ownership. 


But why not select the development concept that will minimize the COPE product which is 
suitably weighted with cost-of-ownership and performance factors? These weighting factors 
may be considered, for example, as 
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COPE = COrglW, (Pratio 1) + Weo(Pratio 2) t -++ + H (Pratio 3)! ’ 


where CO,, is the cost-of-ownership of the total system P,.4:. is a ratio of desired 


performance (P desired) to contractor proposed performance (Py) which is always equal 
to or greater than 1 


i.e. if desired performance is better than that proposed by contractor 


P ratio j - Pj/Pj desired 


and if contractor performance is better than that desired then 


Pratio 3 = Py desirea/P; 


j = 1 to total number of performance factors considered, for example, 1 = position 
error, 2 = velocity error and 3 = azimuth error, etc. 


Wy = weighting factors de*ermined by mission requirements. 


The cost-of-ownership performance product, as applied to an inertial navigation system, 
provides the rather unusual units of dollars mi/hr? or, for the weighted case (normalized), 
dollars per hour. The units of fiscal acceleration while unusual, should not preseat any 
insurmountable problem. These units would apply also to the various subsystems, since 
their particular errors would be related to equivalent mi/hr. We recognize that, in all 
probability, the information required to generate veighted COPE numbers is extremely 
limited. Perhaps it is not available. Nonetheless, this should not deter us from providing 
means for future data accumulation so that the most effective product selection can be made 
by the user. 


6. CONCLUSIONS AND RECOMMENDATIONS 


We have discussed the need for the application of a cost-of-ownership approach to iner- 
tial navigation system procurement and future development. A great deal of the information 
Necessary to generate cost-of-owmnership criteria is not available; hewever, the user, 
better than any other, can and should provide manufacturer motivation. It is not important 
that the approach discussed herein be adopted; however, sowe approach should be focused 
on navigation equipsent from a total cost standpoint. This undoubtedly is necessary and 
action, perhaps through the medium of a government-industry committee or an organization 
such as AGARD, should be taken immediately to establish acceptable definitions, approaches 
and criteria. 
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APPENDIX 


The Locating System 


The histcry of our Detachment and detailed descriptions of Low Cost Aircraft Inertial 
Navigation System (LOCATING) development have been the subject of previous papers’+*. 
Therefore this appendix is included for completeness only, in order to provide the reader 
with a brief description of our system develcpment efforts. 


As a result of various laboratory tests, industrial surveys, proposal evaluations, and 
in-house design efforts, the Detachment has completed the design definition of two inertis] 
navigation systems. These LOCATING Systems, &n acronym for Low Cost AircrafT Inertial 
NaviGation Syste~.s, have been designated Gyroflex/Sperry (G/S) and Gyroflex/Kearfott (G/K). 
The G/S System is in the final stages of fabrication and test and wiil commence deve lop- 
mental flight test during late August 1967. The G/K System will enter this phase 8 - 10 
months later. 


The goals of each system are essentially the same, to minimize the cost-of-ownership 
for a given performance. The cost-of-ownership goa) is $10/hour over the life of the 
equipment with a performance characteristic of 3n si/pr (3 0 radial). 


The G/S System designation erises froze the use of Gyroflex syro with a Sperry giebal 
set. A listing of the components and their suppliers included in each of the four eajor 
subsystems is as follows: 


1, Gyro Subsystem 


fyro - Gyroflex 

. Signal conditioning electronics - Genera) Precision, Detachment 6} 

. Redundant axis electronics - General Precision 

. Gyro torquing electronics - Nortronics 

. Stabilization electronics - Detachwent ¢] 

. Ancillary equipment (temp controller, power suppliers, etc.) Detachment 1 


a earns 


2. Accelerometer Subsystem 


a. Accelerometers 
(1) Horizontal - General Precision, Mod 2414 
(2) Vertical - Autonetics, Mod A-40 

b, Capture electronics and A/D 
(1) Horizontal - Autonetics, Detachment ¢1 
(2) Vertical - included in A-40 case 

c. Ancillary equipment - Detachment 2} 


a. Gimbal Subsysten 


a. Ginbals - Sperry, Detachment 01 

b. Platform A/D - Ditran, Division of Clifton Precision Products Company, Detach- 
went 0} 

c, Ancillary equipment - Detachzent ¢1 














1. Computer Subsystem 


a. Computer - Nortronics 
b. Control - Nortronics 
c. Display - Nortronics 


The interface engineering required to integrate the foregoing equipments haz been con- 
pleted in-house. In addition, other in-house accomplishments of significance are 


(1) Design and manufacture of aziauth cluster. 
(ii) Complete re-wiring of gisbal set to system requirements. 
(iii) Prograsming of system mechanization equations. 
(iv) Design and fabricaticn of all power supplies, various ancillary electronic 
equipment, power interrupt circuitry and system AGE. 


The G/K System designation arises from the use of the Gyroflex gyro and the Kearfott 
ASN 58 (modified) gimbal set. In addition to the gimbal subsystem change, other major 
differences are 


(i) All electronic toards heave been redesigned to improve performance and reliability. 
(ii) Vertical accelerometer - Genera) Precision 2401. 


This approach was taken since it appeared obvious that, with the Gyroflex and 2414, a 
new gimbal set would either have to be procured or designed in-house and manufactured on 
contract. Since a lerge portion of the developmental funding had already been applied by 
the government to the basic ASN 57/58 eqipment, the decision was made to procure @ 
modified version of the ASN 58 to Detachment #1] specifications. This approach provides & 
wore effective utilization of in-house manpower and available funding. 


The results of the leboratory and flight tests will be the subject of a technical paper 
when appropriate. 
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Number of Failures No of IMU's in pipeline 
100 a/c 300 A/e 100 a/c 300 a/c 


1040 3120 581 
520 1560 291 
208 624 116 
104 312 538 

69.4 208 39 


100 Aircraft 


Muaber of IMU’s in Pipeline 





Fig.4 Number of IMU’s in 68-day depot pipeline versus MTBF of IMU. Total IMU hours/year 
for 100 aircraft = 104,000, for 300 aircraft = 312,000. Use rate 20 hours/week per 
aircraft 


MTBF Ne. of No, of Systems Required 
Patluree Pict* 68 Daye Plt* 47 Daye Pie® 33 Daye 
194 134 4 


“4 


* Apowmes a depot/base repair ratio of 2:1 and @ base repair 
eycle of 9 daye for each pipeline time. 


Day Pipeline tine 


Day Pipeline tine 
Day Pipeline tine 


non yn ne oo enn eee 


his represente sero pipeline tine or infinite MTBF 





Fig.5 Effect of pipeline time. Number of (MU's reqired for 100 aircraft versus MTBF 
of IMU. 100 aircrazt, 20 hours/mek (i040 hours/vear) use rate. Total systes 
hours /year for 100 aircraft = 104,000 
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SUMMARY 


The history of inertial navigation contains a trend in which the hard- 
ware is becoming progressively more simple mechanically and at the same time 
more complex electrically. This trend is examined with particular emphasis 
on large rocket boosters. Attention is given to the generetion of meaning- 
ful performance specifications. The system chosen at the Marshall Space 
Flight Center for detailed study and the reasons for its choice are dis- 
cussed, Methods of statistical data reduction and some comparisons between 
testing components for a platform and for a strapdown system are presented. 
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NOTATION 
rectilinear acceleration of the float along the i*® axis, referred to the 
float 
drift (deg/hr) 
angular momentum of wheel 
input axis of float 
moment of inertia of float about i*® float axis 
product of inertia of float between i*) and jth axes 
moment of inertia of whee] about its spin axis 
polar moment of inertia of float about its input axis 
polar moment of inertia of cradle about its input axis 


anisoelastic drift coefficient 


equivalent torsional spring rate of gas suspension bearing (cradle to 
float) 


g-independent drift rate coefficient 
drift coefficient (deg/hr)/(deg/s) 
drift coefficient (deg/hr)/(deg/s)* 


projection of the distance from the float mass center to the flotation axis 
along the input axis of the float 


projection of the distance from the float mass center to the flotation axis 
along the epin axis of the float 


mass of complete float assembly 

constant drift term (dea/hr) 

G-sensitive drift coefficient (deg/hr)/g 
output axis of float 

spin reference axis of float 

net torque applied to the cradle input axis 


torqe applied to float about its output axis (usually ayound gero in servo 
stability analysis) 


inertial rate to gyro (table rate t earth's rate (deg/s)) 
natural frequencies of systes 


angular velocity of the wheel with respect to the float 
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angular velocity of the float about its i*® axis, referred to the float 
time differential of w 

cradie input axis angle about the input sxs 

added term in drift equation, second harmonic 

float output axis angle (assumed signal generator input angle) 

added term in drift equation, second harmonic 


float input axis angle 








A STUDY OF STRAPDOWN INERTIAL NAVIGATION 
AT THE MARSHALL SPACE FLIGHT CENTER 


F.P.Daniel, G.B.Doane III, and R.R. Kissel 


1. INTRODUCTION 


1.1 General 


As time has progressed, the application of gyroscopic navigation systems to vehicles 
has become more and more complex, both mechanically and electrically. Today, however, the 
new trend is that the mechanical features appear to be relatively simpler, even though 
systems are becoming more complex overall. 


In this trend, which reduces the number of mechanical parts, it is helpful to examine 
the roles in which gyros have been applied. In doing this, one point becomes clear; 
i.e. gyroscopes have been applied in both a crude and a precision sense. 


By way of illustration, one may cite many vehicles which used two-degree-of-freedom 
gyroscopes for basic attitude measurement and spring-restrained single-degree-of- freedom 
gyroscopes for attitude rate measurement. This application may be considered crude in the 
sense that the quality of the data derived from the gyroscopic instruments was not suitable 
for use in a self-contained inertial navigation system. In the past two or three decades, 
many systems have used gyroscopic attitude references to determine and contro] accelerometer 
orientation with respect to space on @ stabilized, gimbaled platform. Typically, in this 
service, the attitude drift rate required for the precision navigation function is on the 
order of 0.5 deg/hr (2.4 « 10°° mrad/s) down to such amell claimed values as 0.001 deg/hr 
(4.8 » 10°° wrad/s). By contrast, the rate gyrc.. c.utiuued previously have accuracies on 
the order of 10 deg/hr (48 « 107° mrad/s). 


The foregoing illustrates how equipsent has become sore sophisticated in its functions 
and thus complex in the overall sense. Most of the resulting systems use several gisbals 
carrying @ stabilized inertial base on which, in turn, are sounted gyroscopes and accel- 
eropeters. Barly systems had five gimbals; subsequent ful] inertial systems have used 
both three and four gimbal configurations. In general, the systems that do not have the 
extreme attitude requirements of aircraft have tended to use three gimbals. In the con- 
ventional platform inertial system, the steble element is either fixed in attitude with 
respect to inertial space or is slowly varying in attitude with respect to inertial space 
and fixed with respect to a moving navigational coordinate frame, such as an earth local 
vertical system. The gyroscopes used in this application are not required to sustain 
angular rates on the order of those experienced by the vehicle frame. Likewise, the 
accelerometers are not experiencing the severe angular motion environment of the vehicle 
frame. Indeed, there is stil) a rather large number of inertial system experts who 
believe that the giabailed platform environment results in sufficiently ieproved sensor 
performance to justify the use of giebals in any precisico systea. 


Strapdown guidance is defined here as a system which consists of sessuring instrusents 
mounted to the vehicle frame; i.e. gyroscopes end accelerometers that provide information 
suitable for inertial navigation and the associated computer for interpreting this 
information’. In a strapdowm syster, the instruments are subjected to the total dynasic 
environment of tne vehicle attitude. Additionally, the gyroscopes eust provide inforwa- 
tion from which vehicle attitude ei}! be deterpined. Because single-degree -of -freedon 
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@yroscopes measure only angular rate, they must be followed by some form of integration 
Procedure to determine attitude. The attitude data, when suitably combined with the 
accelerometer outputs, provide all the necessary navigation information. The mechariza- 
tion concepts treated here are related to the inertial sensors and their operation. In 
particular for the attitude meesurement, single-degree-of-freedom gyro sensors may he 
applied in two fundamentally different ways. 


The first category is one in which a single-degree-of-freedom gyroscope is used to 
Stabilize a “single axis platform” (SAP). A measurement of angular rate between the pluat- 
form and the vehicle will provide the necessary measurement discussed previously. The 
second concept consists of single-degree-of-freedom gyroscopes, hody-fixed to the vehicle. 
In this concept, a measurement of gyro output axis angle is used to hold the output axis 
angle at a very small value by applying a known torque to the output axis of the gyroscope. 
The value of torque is used as a measurement of vehicle angular rate. 





1.2 Application 


The application considered here is for the navigation of a large boost vehicle during 
mission phases including liftoff, ascent to earth orbit, earth orbit, and injection into 
a translunar or interplanetary trajectory. There are applications in which much time must 
be spent in earth orbit, perhaps as much as several weeks or even months. For this case, 
no known inertial systems are capable of achieving the low drift rates required. Therefore, 
realignment of all inertial systems is required after long duration in earth orbit or else- 
where. Thus, this discussion is restricted to ascent from the earth and injection into an 
earth orbit, coast in earth orbit for several orbits (e.g. four to ten), and subsequent 
injection into a transfer trajectory. For this case, it is feasible to use full inertial 
systems, unaided by realignment, for navigation to fina] injection. Such systems, aug- 
mented by a suitable realignment scheme, would be appropriate for the longer duration 
missions. The mission used to generate performance specifications is typical of many 
current and projected boost missions. 


The figure of merit used to characterize the quality of an inertial system in the fore- 
going application is the sccuracy with which e low circular orbit is achieved. The under- 
lysng reasons for choosing thiscriterion are as follows: From a propellant efficiency 
point of view, a nominally low altitude parking orbit is desirable; whereas from orbit 
lifetime considerations, a high orbit altitude is desirable. In general, therefore, we 
desire the lowest nominal altitude which has sufficient life for mission accomolishaent 
when allowances are made for orbit uncertainties. 


A siwplifying assumption may be made to eliminate the absolute nominal altitude from 
further consideration, Briefly stated, the percentage lose in orbit lifetime caused by a 
perigee altitude error is propertional to this altitude error. For a typical configura- 
tion studied recently, this ratio is 10% loss in lifetine for 3500 seters altitude error 
at perigee. A safety factor of I is used to account for additional uncertainties in orbit 
lifetine prediction and unaccountable ttems. The result is an allowable perigee altitude 
error of 5 km, which muat be added to the ideal circular orbit altitude to obtain the 
nominal design altitude. When characterized i1 foto by just an angular drift rate. the 
required inertial system eccuracy for a launch to a 185 ke altitude parking orbit ia 0.25 
deg/hr (1 2.» 10°? mrad/s). This value is a composite consisting of the equivalent 
average value of drift rate when all causes of error are considered. For a typicel aix 
of error sources, this quality is adequate for final injection into the translunar or 
interplanetary orbit. Such eccurscies are consistent with tracking accuracies and aid- 
course maneuver fuel requirements, i.e. the use of this criterion results in an inertial 
system that in adequate, but not overly so, for the entire sission. Table I gives the 
error sens, c.ivities relating various inertial sensor errors t.» perigee altitude error. 
Figures 1! and 4 show perigee altitude error resulting from degradation of certain types of 


error sources. 
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In the strapdowr application, 1t has heen stated that one -f the criti al design pare- 
meters 18 angular rate of the vehicle body to which the inertial sensors are subjected 
The total angular rate results from manv causes. however, the following three categories 
provide a sufficient description: (1) The nominal slow, steacy attitude rates commanded 
by the guidance system, (ii) rates caused by at.itude maneuvers (resulting frow changes 
in desired thrust direction, aerodynamically cavsed motions, bending, and sloshing), and 
(iii) random angular vibration. The characteristic values cf these motions for a given 
system must be determined by analytic simulations and flight test measurements. Flight 
measurements are particularly important in this regard because none of the known vehicle 
Simulations contain complete vehicle vibration ndels and littl. or no appiicable, detailed 
flight dsta are available from the past. The most useful] information currently available 
appears to be the telemetered signals from control rate gyros. These instruments seem 
most often to have a range of t10 deg/s (0.17 rad/s) and respond to inputs of frequencies 
up to 30 or 40 Hz. 


A frequency spectrum of some actual angular rates has been examined; typical results 
are shown in Figure 3. These analyses were run on worst case i0-second time slices. In 
general, they show a level of 0.0005 (deg/s)*/Hz {15.2 « 10°° (rad/s)*/z] with super- 
imposed spikes between 1] and 6 Hz and between 35 and 40 Hz. The low frequency components 
correspond to the natural vibrational modes of the particular vehicle from which tnis 
information was obtained. It hus been suggested that the high frequency components are 
caused by loca] mechanical conditions within the instrument itself, and that these could 
be brought down to 0.0005 (deg/s) */Hz {15.2 x 107° (rad/s) * iz) by suitable design of the 
control rate gyro mounting. 


It is recognized that the upper liwit of 40 Hz in the instrumentation may be restrictive, 
and instrumentation with wider bandwidth capabilities is being planned for sore of the 
future flights. Other than to note that the strapdown instruments experience ooth trans - 
lational and rotationel vibrations, whereas a platform wounted component only experiences 
the translational, this nominal acceleration and velocity environment will not be discussed 
further because it is typical of large liquid-propellant rocket boosters. 


Several flight tests have been made using single-degree-of-freedom gyroscopes in a strep- 
down configuration. Notably, the Ford Instrument Compeny’s SAP and pendulous integrating 
ayro accelerometer (PIGA) concept was flight tested in an airplane in 1962. 


Alao, single-degree-of-freedom gyroscopes are being used in the precision rebslanced 
strapdom @ode in the lunar sodule (L#) abort guidance system and the USAP PRIME/ASSET 
aeries of maneuverable reentry body trata, It is gore reasonable to consider for the near 
future the use of single-dearee-of-‘reedos gyroscopes as excaplified in these e*apples 
rather than other, more unusual types (such as laser gyros and segnetohydrodynamic gyros). 
Single-degree-of-freedos ayroacopca have been in use for a long tise and such is known 
about thea. Although this ia a pew application, many of the prodless have been scived or 
are known to have solutions. Therefore, the eechanical and electrical problees associated 
with the epplication of single -degres of-freedom gyroscopes ere ansiyzed in sowe detail. 

A mathematical analysia of the aecha.ica and the servo of the single axis platfore. an eel) 


' as the mechanics of the preciaion rebalanced gyro, in included. Wuch of the analysis is 


the sepe for the tec gyroscopes, aowever, the differences are indicated. 


1.32 NQnA O85 Ia-Rowne leeriisl aeaner bt foria 


Durina the early in-hotrs atudies (about 1964), it eas determined that SFC could and 
should fill a gap ehich «2isted in the development of strapdcen inertial hardware. the 
hext step sas to formulate an appropriate program. One of tae ground rules decided upoa 
was to wake eariau use cf applicable equipment steaming from current progress. . Another 
ground rule required that the resulting uyntem be competitive in performance with the 
beat gisbaicd platforms. Accordingly, the ABI (3-cm wheel diaacter) PIGA and the sheel | 
and flost of the ABS gyro were postulated as components of an eventual inertial seasuring 
unit (1M). Thus, little change ons necessery in a highly succesaful and available PIGA 
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design; the only new design required was for the angular rate sensing device (SAP). To 
make a breadboard SAP available for laboratory testing in the shortest possible time, a 
cradle, with trunnion bearings, from a previous test program (Fig.4) was used. Its mount- 
ing surfaces were lapped to a tolerance of +5 arc seconds. 


The first system tests will only be of the IMU. The raw data from the sensors will be 
recovered for comparison with various known position time-line data, Later, however, full 
system tests will include a digital differential analyzer (DDA) type of computer which will 
operate on-line, processing each bit of data as it is generated by the SAP's or PIGA's and 
producing atticude and navigation (position and velocity) information. This computer is 
being designed and fabricated in-house at MSFC (as well as the IM’ and the SAP's and PIGA’s) 
and is reported upon in detail elsewhere’. 





2. ANALYTICAL CONSIDERATIONS 


2.1 General 


Although the gross theory of the single axis platform used for angular rate measurement 
is well known’, the salient points will be reviewed. The desired information from the 
instrument is the rate at which the instrument base is rotating, with respect to inertial 
space, about one axis, which is usually designated the ‘‘instrument input axis”. Rotations 
about the output and spin axes of the instrument should, ideally, not affect its indication. 
Considering an ideal instrument, it is readily seen that rates about the spin axis of the 
instrument will not be sensed because a gyroscope does not respond to rates about its spin 
axis. Rates about the instrument's output axis will, ideally, not be sensed either because, 
to keep the signal generator nulled, the input axis torquer will supply just enough torque 
to precess the gyro at the exact rate that the instrument is rotating about the flcat’s 
output axis. The output from the instrument is obtained by measuring the angular rate 
between the instrument base and the gyro case. Unfortunately, errors can creep into any 
mechanization of this ideal operation. 


2.2 Analog-to-Digital Conversion Considerations 


The instrument’s errors fall into several categories, one of which depends upon the 
choice of angular rate transducers. From a purely theoretical standpoint, an analog rate 
sensor (tachometer) would be ideal because the exact desired information would be con- 
tinuously available. However, practical tachometers do not meet the accuracy requirements 
necessary for inertial navigation, and recourse must be made to measuring time and angular 
distance because these quantities may be most accurately measured. Since many transforma- ‘ 
tion computer programs are available that can accept properly conditioned angular inputs, 
no fundamental limitation is imposed on the overall system if such a program is designed 
into the system from the outset. As a further practical matter, most modern guidance 
systems employ digital data processing, and one notes that the transformation computer will 
probably be amenable to operating on the discrete data resulting from the use of digital 
shaft angle encoders. 


The remaining question then is what angular resolution is required. The answer depends 
on the accuracy sought from the overall system and hence is a figure distilled from many 
trade-off studies combined with knowledge of the technology of encoders, inertial sensors, 
and data processing equipment. (It would not be reasonable to install a 10 kg encoder on 
a 1 kg SAP, for example.) In this case, considering required system accuracy to be com- 
petitive (but not necessarily equal, in all respects) with a platform specifically designed 
for @ high accuracy boost mission (roughly a 10-minute boost into a 185 km circular orbit), 
the required resolution, as determined by engineering simulations, is about 17 or 18 binary 
bits referred to 360 degrees (27 radians). Further refining will be done in future studies. 
Unfortunately, there currently appears to be a change in the class of shaft angle encoders 
available to achieve 18 bits (or more) as compared to 17 bits (or less); the dollar pro- 
curement cost is much greater for an 18-bit device, In addition, the requirements of the 
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various trunnion bearings along the instrument's input axis become more stringent as more 
resolution is required. MSFC’s first breadboard was built with a 16-bit resolution 
encoder, which happened to be available in-house from a previcus encoder test progran. 
Initial rate table testing soon showed the 16-bit resciution to be too low for determining 
the necessery performance data in a reasonab}e length of time (a day). Shortly thereafter 
a 19-bit encoder hecame available in-house for this program and was installed on the 
breadboard. The performance of this encoder was very satisfactory: the results, presen- 
ted in Table II, were distilled from raw data obtained from the 19-bit encoder. A market 
survey of encoders suitable for a flight model of the SAP was conducted, and an 18-bit binary 
bit (resolution of 27 radians) incremental encoder is now being procured. These encoders 
must provide accurate information to calculate the rate data with tolerances on the order 
of the basic gyro drift rate, over a slew rate range of from 0 to +1 rad/s. (Platform 
gimbal angle encoders only provide information for guidance command resolution.) The 

slew rate range, although somewhat arbitrary, since it must encompass rigid-body vehicle 
motions as weil as local angular vibraticn rates, will inciude most practical large launch 
vehicle applications. Each of these two scurces has been allotted approximately half of 
the total range. Other trade-offs are possible, depending principally upon the mission, 
vehicle, and vibration mount (if any). 


2.3 Basic Dynamical Error Yodel 


Basic instrument system errors may be ireacec in a fundamental, steady-state fashion by 
writing Euler's equations ir which the angular sates are referenced to the gyro float. A 
rigid float in which an angular momentum vector is embedded provides a good model if none 
of the oscillatory modes associated wath the contents of the float are excited. The IMU 
mounts must be designed to preclude this possibility, since large unpredictable drift rates 
would otherwise ens.e. The torque summation equation about the float output axis is of 
particular interest here si-ce it defines the gyro drift rate. This summation is as 
follows (see Notation): 


Applied torque = inertial reaction torque 
“Mpg®zap * MLy y®pap * Ky@yap8par + Kyias = “barton - oar ” 
7 TarCrar (ya - rap 7 Tra - rap) + Toa - rar @tar“bar > “kar) ~ 


. ‘ : 2 2 
- Tra - oar “oarRar * “rap? * Tra - rar tar ~ “Rar) + 


- “taplga ~ raw (“s + Rap) + “Rarrartraraw - 


* 4oaploaoaw 
Although wel: known, this equation still projects a rather formidable image. It may 
first be simplified by dropping all terms containing angular acceleration factors. One 
may also define, in the usual way, a quantity H which is called the whee] momentum 
(tacitly meking the excellent assumption that w, >>> (pap): 


H = Ipa - raw %s « 

The remaining inertial reaction terms are transferred to the left side of the equation. 
This procedure allows each “drift producing source” to be considered separately. Note 

that no viscous torque term is included in the equation; one might have been included 

for generality, but it is negligible for gas output axis suspension instruments such as 
the AB3 PIGA and the AB5 SAP. 


From these analyses, one immediately notices that, if a gyro float were to be designed 
specifically for the strapdown application, the ideal moment of inertia tensor of the 
float would correspond to that of a sphere (all cross-products of inertia zero and all 
moments of inertia with respect to the OA-IA-RA triad equal). If this were accomplished, 
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four terms would immediately drep out of the inertial reaction description. ‘hile some 
attention is given to “end-to-end” float balance in the course of designing gyros for use 
in three-axis stabilized platforms, there is no universally recognized requirement fcr 
dynemic (as opposed to the usual very careful static) balance. Some float designs have 
been proposed by others to achieve the spherical inertia tensor characteristic, but to our 


knowledge few have been built. 


All the simplifications inherent in the output axis torqued case have been explored; 
however, in the SAP approach, ali terms containing “y, automatically become negligible 
since the drift rate of the gyro about its IA will be very low (typically 0.5 deg/hr 
(0.25 x 1079 mrad/s!). Thus, for the SAP, attention becomes focused on the terms 
“Ty apaF“DAF and -laRAP “RAF as error sources in addition to those normally associated 
with inertial grade gyros for platform use. The only way to decrease these terms in a 
given environment is to reduce TyAOAF and Jyapar by redesign of the float or by 
sophisticated balance procedures, or both. Another phenomenon, which may or may not be 
immediately apparent from this equation, is the so-called output axis torque problem. 

It may be made visible by assuming that the servo, so far only tacitly a part of the 
instrument, has no long-term memory; i.e. the electronics transfer function is a constant 
at d.c. (the idea of using servos with memories in connection with gyros is an interesting 
separate research area which we have studied and designed into our latest SAP and PIGA 
servos). The terms of interest, which must balance. are 


Toaoar “bar = ~“rap H - 
If a constant angular acceleration about the output axis of the float orccur.ed, the g;ro 
would “drift” with respect to inertial space about its input axis at a rate given by 


- loaoar : 
“ap ~ “ar 





This particular phenomenon has been reported’. 


2.4 Instrument Servo Design 


Many servos for gas output axis suspension gyro instruments have beer cesigned at 
MSFC; however, the problem was still of interest because, in designing such a large amount 
of angular momentum (approximately 2.5 x 10° g cm‘/s) into so small a package, the ratios 
of the various parameters are very different from those in eny rrevious design. The ana- 
lytical model actually used in-house for numerical design purposes is discussed here for 
the first time to the best of cur knowledge; however, many more simplified versions are 
commonly known. Not nearly as detailed as the error model, the mathematical model used 
for servo and synthesis is developed from the following set of linearized (small angular 
motion) equations (see Notation): 


(a) Torque equation assuming a torqe applied to the cradle input axis: 
d*a 


— Jag oz * Koa - 9%) . 


(b) Torque equation about the float input axis: 


. ‘ ao dB 
a - : — —, 
b( ) Jor dt? +H dt 


(c) Torque equation about the output axis of the float: 
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The usual techniques of servo analysis yield the following transfer function for the mech- 
anical portions of the loop. 





The cutput axis angle §& is sensed by a signal generator, which produces an amplitude 
modulated voltage. A detector is used to convert the signal generator cutput to d.c. and 
to lower its impedance level. This signal, filtered to remove most of the ripple, is then 
used to drive a compensation network, which is mechanized by the use of operational ampli- 
fiers. The output from the compensation network is used as the input signal to a pulse- 
width power modulator which has low equivalent output impedance, reaso-ably linear input- 
output voltage characteristics, and small threshold values. A block diagram of this sys- 
tem is shown in Figure 5. A time constant is included in the description of the d.c. 
torquer because of the low output impedance of the pulse-width power modulator and the 
rather high natural frequencies of the SAP. 


It is of interest to note that, if the torsional stiffness of the gas suspension hearing 
had been assumed infinite, as has been done in previously published accounts, only one 
natural frequency would appear in the SAP description; for this case, that frequency is 
on the order of 520 rad/s (83 Hz). ‘This contrasts to the two natural frequencies in the 
description previously given (assuming a finite torsional stiffness), the lowest of which 
is 431 rad/s (68.5 Hz). 


The compensation design must assure loop stability (all real parts of the roots of the 
characteristic polynomial corresponding to the system must have negative real parts) and 
achieve a rationally-based minimum loop stiffness (to assure physical maintenance of the 
instrument’s float to case alignment). The actual form of the system’s transient response 
is not too important as long as the settling time is short. A lower bound on the d.c. loop 
stiffness was established by assuming a cradle unbalance torque of 45 g cm in a ig field 
and, hence, 450 g cm in a 10g field, which is the maximum design value of rectilinear 
acceleration used for Saturn. This requires ad.c. loop gain of 7 x 10° per second. 
Because the breadboard SAP had a much higher friction level than anticipated, both servo 
redesign and trunnion bearing preload adjustment were necessary. At this point, an active 
integrator was incorporated in the servo-loop electronics by using integrated operational 
amplifiers and a loop gain of 1.55 x 10° s°? was achieved. 


These overal} requirements, combined with the necessity to avoid a conditionally stable 
loop in the linear mode, because conditional stability in the linear mode easily leads to 
limit cycle behavior during the initial nonlinear synchronizing mode, are sufficient to 
initiate a design cycle based on the classical root locus and Nyquist/Bode methods. Since 
these thoroughly practical methods require insight and intuition, tempered by as much 
experience as possible, we will merely exhibit the pole-zero plot (Fig. 6) which resulted 
from the design iterations. This design results in a bandwidth around the loop of approx- 
imately 100 Hz. This bandwidth is required because of the high natural frequencies of the 
gyro. The eleccronic mechanization of the compensation used with the breadboard (which it 
is felt would probably be typical of flight systems) employs two commercially available 
operational amplifiers, although one of these is used to provide a telemetry pickoff point 
and therefore could, in principle, be eliminated. This design works well and yields a 
loop settling time of approximately 80 ms to a pulse disturbance (Fig.7). Further refining 
could always be done in designing future systems. 
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3. LABORATORY INVESTIGATIONS WITH BREADBOARD SAP 


Upon completion cf the breadboard, it was necessary to design an experiment to verify 
the SAP’s inertial sensing behavior. The central piece of laboratory equipment used was 
a heavy duty, precision drive, rate table. The table is accurately oriented with respect 
to the earth's polar axis so that its precision rate driven axis is adjustable (by hand) 
in the north-vertical plane. As supplied by the manufacturer, this table was accurately 
instrumented only up to 200 earth’s rate; however, instrumentation was added to make it 
accurate up to a table rate of 10 deg/s. This value, while still short of the design 
maximum of 1 rad/s. was at least only half an order of magnitude low. The next step in 
this type of testing is to assume some form of regression expression and then to determine 
if this expression adequately accounts for the gyro behavior. The expression chosen is 
(see Notation) 


2 
D = My + MeD Bo, + Muby gy, + MUbZ Bag + KiMyy + KMpy + Ky + Kutoapa + Kotea - 


The first four terms are those most often used in describing gyros intended for platform 
use (perhaps one should add the anisoelastic tern, Eyer ASR , as we will probably do in 
future SAP testing). The fifth, sixth, and seventh terms were included to account for and 
evaluate the overall alignment of the test set-up. The effects of these terms should not 
be charged against the intrinsic gyro or instrument accuracy because they may be made 
negligible by either mechanical or computational realignment, or both. The last two terms 
are those predicted for the SAP from the original look at Euler’s equation applied to the 
gyro float. 


Since MSFC’s normal method of determining the M coefficients is to place the basic gyro 
in a planetary stand, isolated from earth’s rate, no effort was made to design into the 
test set-up a really significant determination of these coefficients. Rather, attention 
was focused on determining the K coefficients, which evaluate phenomena unique to the 
SAP application. For these tests, the rate table rotation axis was permanently aligned 
parallel] to the earth’s polar axis. After some experimentation, 34 combinations of angular 
rate and gravity vectors, referred to the float, were chosen to yield the data for coeffi- 
cient evaluation. These positions are tabulated in Table III; note that only in positions 
33 and 34 does 8;, enter into the drift measurement (which is why these two p .itions 
appear). The other positions give combinations of values to the remaining terea. The high 
resolution (19-bit) encoder worked very well compared to a 16-bit encoder which was tried 
in the first test series. Test time in each position was only 7.2 minutes. 


Typical results of the regression fits are tabulated in Table IJ. In general, the 
experimental accuracy improved with time. The most important error-causing factor was ’ 
temperature. It was discovered that the first tests of this series had been started 
before the gimbal had temperature-stabilized in its thermal cover. When the cover was 
removed and the gimbal was exposed to room temperature only, the error was reduced by a 
factor of about four. Gas pressure was controlled to a nominal 103 N/m? (and readjusted 
each day on the same highly accurate gage to 103 N/m’), Some g terms became significant 
and the misalignments were usually highly significant. The last two terms, however, were 
never significant at the 95% confidence level. The statistically significant values were 
usually very repeatable. 


Tests were made in the given sequence most of the time; however, one set was run back- 
wards and one was randomized, but the results were not auch different from the other tests. 
The best tests have correlation coefficients of over 0.99 and standard errors of estimate 
less than 0.1 deg/hr. As is our standard practice, gyros were not recalibrated between 
runs nor was any output axis torquer used at any time during the tests. 


These data represent very literally the first runs made on a new instrument being tested 
by new procedures for new phenomena. There has not yet been time for a long hard look at 
these data that are so necessary and productive in the long run. The program is progressing 
as expected and considerably sure data will become available as additional] SAP’s finish the 
fabrication cycle and are tested in our inertial laboratory. 
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4. FUTURE PLANS 


Future plans call for a two-phase experimental program backed by a continuing analytical 
effort. The first phase of the experimental program calls for the assembly and sled test 
of a complete IMU, without the transformation computer. Mock-ups of the IMU are shown in 
Figures 8 and 9. The outcome of this test series will provide both flight qualification 
testing of the IMU and raw instrument output data, which are desired for the computer 
development. 


After completion of the sled program, it is planned that the IMU will be mated to its 
companion coordinate transformation computer and further rigorous testing will be pursued. 


Some improvements in the instrument design details are anticipated but no major re- 
designs within the present experimental program are expected. Continuing development of 
engineering simulation, data recovery, and reduction software are programmed. 


As an exercise in determining the growth potential of this concept with second genera- 
tion instruments designed from the beginning for this application, a layout was made of an 
advanced IMU. The resulting mock-up is shown in Figure 10. 


5. CONCLUSIONS 


The work accomplished under MSFC’s direction since 1964 has established that there are 
no analytical reasons barring booster navigation utilizing SAP’s and PIGA’s as strapdow 
inertial instruments. Simulations have demonstrated that, for injection into a 185 km 
circular orbit, accuracies competitive with platform derived navigation date are attain- 
able. 


It has also been realized that actua] flight tests are needed to completely validate 
the assumptions used in the analysis. me of the most important areas in which it is 
necessary to gather flight date is that of the rotational vibration environment. These 
data are needed for further investigations into its effect on the instruments. 


MSFC's choice of instruments has been shown to be a good choice for booster navigation. 
The results obtained from the MSFC developed methods of testing the SAP’s and PIGA's, the 
accompanying error models, and the numerical results of the reduction do not, to date, 
exhibit any anomalies. 
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TABLE I 


Error Sensitivities Relating Various Inertial Sensor Errors to Perigee Altitude Error. 


Mission Profile: Two Stage Ascent to Nominal Circular Orbit of 185 km Altitude 


Error Source Error Source Perigee Altitude 
Name Unit Value Error (meters) 


Roll axis accelerometer bias 107° g 
Yaw axis accelerometer bias 107° g 
Roll axis accelerometer scale factor 10°> parts/part 


Yaw axis accelerometer misalignment 1 arc sec 71 


Initial system misalignment around 1 arc sec 71 
pitch axis 


Constant drift rate around pitch axis 1 deg/hr 20, 000 


g-dependent drift of the pitch axis gyro 1 deg/hr g 31, 000 


TABLE ITI 


SAP Test Input Conditions 
(Test No. versus Acceleration and Angular Rate Input) 


D= M+ Mepeéos * Muby ge), * Mubz gp + Kiwgy * Kywpg * Kyu * Kyagyspg * 
1 0 0 0.5686 0 -0.831  -0.83t 0 
2 0 0 0.5686 v 0.830 0.840 0 
3 0 0 0.5686 0 -9.988  -9,988 0 
4 0 0 0.5686 0 9.982 9,982 0 
§ 0.4021 0 0. 4021 -0.388 -0.588 -0.831 0.35 
6 0.4021 v 0.4021 0.58 0.599 0.840 0.35 
? 0.402! 0 0.4021 -7,063 -7.063  -9.985 49.89 
8 0.4021 0 0.402! 7.058 7.058 9.982 49.81 
9 0.5686 0 0 -0,931 0 -0,831 0 
10 0.5666 0 0 0.340 0 0, 840 0 
il 0.5686 0 0 -9, 988 0 -9, 988 0 
12 0, 5686 9 0 9, 982 0 9, 9R2 0 
13 0. 402! 0 -0, 4028 -0.588 0.588 -0,831 -0.33 
14 0.4021 0 -0, 4024 0.584 = -0.504 0.840 -0.35 
15 0.4021 0 <0. 4021 -7,.083 «7,063 -B. 868 -49.89 
16 0.4021 0 -0, 4021 7.058 -7,058 8. RAZ 49,81 
17 0 0 -0, 5686 0 0.831 -0.431 0 
18 0 0 -0. 5686 0 -0.840 0, 840 0 
19 0 0 “0.5686 0 9.988  -9, 968 0 
20 0 0 +0, 5686 0 -p.982 9.982 0 
2 0. 4021 0 -0, 4025 0.568 0.588 -0.831 0.35 
22 0.4021 0 -0. 4021 -0.30 -0.50 0.640 0.35 
23 -0, 4021 0 -0. 4021 7.063 7.083 --9.988 49.89 
24 -0, 4024 0 -0. 4021 -7.088 -7,088 9.982 49.81 
28 -0.5686 0 0 0.831 0 -0.831 0 
26 -0.5086 0 0 -0.840 o 0.840 ° 
2? -0. 5686 0 0 9.988 0 <3. 988 0 
28 -0.5686 0 0 -9.962 0 9. 962 0 
29 -0, 402% 0 0.4021 0.588 -0.588 -0.631 -0.35 
30 -0.4021 0 0.4021 -0.58 0.884 0.840 -0.35 
31 -0. 4021 0 0.4021 7.063 -7.063  -9.968 -49.89 
32 -0, 4021 e C. 4021 -7.058 7.088 9.982 ~49.81 
33 0 0.8227 «0. 5686 0 0 0 0 
“ e -0.8227 —_-0. 5686 0 o 0 0 
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Fig.1 Perigee altitude error resulting from degradation of gyroscope and initial align- 
ment accuracies. .(Based cn typical state-of-the-art high perfor:nnce systems) 
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Fig.2 Perigee altitude error resulting from degradation of accelerometer accuracies. 
(Based on typical state-of-the-art high performance systems) 
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Fig.3 Representative spectrm of angular motion in Saturn instrusent unit during flight 


Fig.4 Sreadboard Sap 
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Fig.5 Strapdown instrument servo 
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Fig.6 Instrument servo root loci 








10-4 rad 





0 20 40 60 8&0 i00 (20 140 160 180 200 
ms 


Fig.7 SAP servo transient response 


Fig.8 Strapdown platform, side view 
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Fig.9 Strapdown platform, top view 





Fig.10 Conceptual strapdown system 
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SUMMARY 


A strapdown inertial reference package has been developed for space 
vehicles based on single-degree-of-freedom instrumentation. A number of 
these packages have been built for the Lunar Module’s Abort Guidance Sys- 
tem. Production-acceptance test data, which include both periodic calibra- 
tion sequences and environmental tests and data acquired in connection with 
sled testing at Holloman Air Force Base, are reviewed. Error sources are 
examined for boost operations. Development problems encountered to date 
are highlighted and an assessment is made of strapdown applications. 
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DESCRIPTION OF A STRAPDOWN INERTIAL MEASUREMENT UNIT 


Joseph Yamron 


1. INTRODUCTION 


For many years, gimballed platforms have been synonymo1s with inertial navigation. 
Although strapdown components have been used from the earliest days of aviation in control 
systems, the problem of continuously measuring high rates and electronically performi.g 
base motion isolation has been a formidable one indeed. The development of small, high 
speed digital computers reopened the possibility of producing a strapdown system. In 1959, 
United Aircraft Corporation undertook to examine the feasibility of building a high per- 
formance inertial guidance system using strapdown single-degree-of-freedom instruments. 

In 1963, under Air Force sponsorship, a system aimed at boost applications was successfully 
demonstrated in the laborator™ and, in 1964, the development of the Abort Sensor Asseably 
for NASA's Lunar Module was begun by United Aircraft Corporation. 


During the course of these efforts, a new test methodology and test eqipment had to be 
developed. Analysis and simulation techniques were given extensive early attention, and 
these test and analytical tools were then brought to bear on the design of instruments end 
electronics to evolve the current system. Much of this work has been reported in the 
literature. Four complete generations of hardware have been produced and enough data 
accumulated so that this art can now be assessed. The long-held view that strapdow sys- 
tems were impracticel because of hidden dynamic effects on the one hand and impossib'e 
computation problems on the other was dispelled. The effects of temperature were foud to 
be predictably critical, and long-term stability had to be traded off against the prodleas 
of calibration and alignaent. The computer interfaces, in @ vehicle system where the strap- 
down computation was only one of many tasks, hed to be evaluated as part of this development 
progrem. This paper is concerned priearily with recent performance data on strapdom 
inertial packages which heve resulted from this effort. 


2. DISCUSSION OF THE PACKAGE DESIGN 


2.1 Package Deacription 


The strapdown inertial measurement unit (SDIW) is a self-contained asseadly designed 
to sense incresental displacements about the vehicle axes and velocity increments along the 
vehicle exes, and transmit these signals in the form of discrete pulses to a digital flight 
computer in order to perfore the functions of: 


(i) Calibration and/or alignaent. 

(41) Attitude determination (base sotion isolation transformation eatrix). 
(iii) Navigetion. 

(iv) Vehicle control. 

(¥) Quidance. 


The SDIW eust eccurately measure angular end linear wotion while subjected to powered 


lisit cycle and free fall environments during the course of its sission. Por the Luarr 
Module Abort Sensor Assembly (13/ABA), it hes the following characteristics: 
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Size: 623 cubic inches (with mounting feet). 
Weight: 20.7 pounds. 
Steady-State Power (vacuum environment): 74 watts. 


Operating Life: 5000 hours with maintenance 
1000 hours without maintenance. 


Reliability Goal: 0.9991. 


Dynamic Range: 28 degrees/second angular rate 
100 feet/second’ linear acceleration. 


Resclution: 2°!° radians/pulse (~ 3 arc seconds) angular displacement 
= 0.003 feet /second velocity increment per pulse. 


The asseably as shown in Figure 1 consists of three UACSC RI-1139 floated, rate integ- 
rating, single-degree-of-freedom gyros; three Bell VIIB pendulous accelerometers and 
their associated pulse torquing electronics; a frequency count-down subassembly; a 
temperature controller unit; computer interface electronics; and an integral power supply. 


Both the gyro and the accelerometer selected for the SDIMU operate on a torque balance 
principle. In the gyros, electromagnetic torquers are used to balance gyroscopic input 
torque. ‘The average current in the torqers is equivalent to angular rate, and pulses (or 
time-modulated increments) of current are equivalent to, and used to indicate, angular 
increments. Similarly in the accelerometer, current is used to generate a torque that 
opposes pendulous torquers caused by acceleration (or gravitation). The average current 
level is proportional to ecceleration, and pulses of current are counted to measure incre- 
gents of velocity. All of the sensors contain torquers with permanent magnet stators for 
use with the pulse torqe servo amplifiers (PTSA's). 


the frequency countdown subasserbly provides precise timing and reference signals for 
both the PTSA’s and the gyro wheels. The temperature controller provides warmup and fine 
control: no instrument heaters are esployed. The fine temperature controller utilizes 
two temperature sensors sechanically located in optimum sensing locations, electrically 
in diagonal legs of a bridge, to detect temperature variations within the AGA housing, and 
stebilizes ite temperature by applying power to two heaters on the housing. The housiug 
therma] conduction and gradient patterna are analyzed and synthesized in the eechanica) 
design process to create for the sensors an optimum therval environment with siniaun 
complexity. 


All electronics are sicrominiaturized, utilizing fully qualified integrated circuitry 
for einioum evight end waxieum reliability. The packaging density that han been achieved 
is quite high for this type of equippent. The pulse torquing amplifiers provide sensor 
readout with an accuracy thet approaches the sensor itself. These aaplifiers furnish 
constant power to the sensor torquer to give the best possible sensor stability. The net 
current delivered to the sensor is a function of the input. ehile the power is independent 
of the faput; equal negative end pesitive currents are delivered to the torquer when the 
inertial iaput is zero. The rebalance electronics include am output switching circuit 
that approaches the capability of sechanica) switches (e.g. the ratio of open-circuit 
resistance to closed-circuit resistance is in the order of 10’). ‘the error caused by the 
cireuit is related to the full scale torquing rate by this ratio. A system with « 26-degree/ 
second (100,000 degree/hour) anxieum input rate thus can expect to have an electronic 
circuit equivalent gyro drift rate of 0.01 degree/hour. 


A feature of this design is that although the switching rate is held at 1 tc, an 
information rate o1 64 kc is achieved. In the case of the accelerumeter, iacreasing the 
switching rate will aisivsize vibropeadulous errors. A owitchiag rate of 1 kc eas selected 
for both instrupeats, hovever. for simplicity. 
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The sensor loop implemented in the strapdown package is shown in Figure 2. It utilizes 
a form of time nodulation to provide the rebalancing current for the sensor. 


2.2 Key Development Problems 


About 30,000 hours of testing were accomplished on several programs prior to the release 
of the production design for the LM/ASA. Since then an additional 70,000 hours have been 
accumulated on the production hardware. fEarly in 1967 a modified version of the ASA was 
tested on the rocket sled at Holloman Air Force Base. 


The development of the gyro and its rebalance electronics had first priority. This 
mechanization has been treated by Scoville and Yamron' and further by Scoville”. The gyro 
design was intended for pulse torqued, high rate operation from its inception, and the 
principal requirement for this design was to provide excellent torquer stability in con- 
junction with high sensitivity. 


The torquer stability was obtained by minimization of the sensitivities of torquer scale 
factor to axial, radial, and rotational motions of the float. Figure 3 depicts scale 
factor stability obtained on a group of 20 production gyros. A k value of 2 ppm is 
evident. Figure 4 plots gyro/PTSA scale factor stability versus time for the three gyros 
in the slide-tested unit. The average 37 value for a 5% month period is 72.8 pm. 


Qne interesting problem was @ nonlinearity caused by the magnetic time constant of the 
torquer, that is, a leg between the rise of current in the torquer and the rise of flux in 
the air gap retarded by eddy currents in the torquer frame. In the first model of the 
gyro the value of this time constant was over 250 pilliseconds, which seriously compromised 
the linearity of the scale factor at rates over 0.33 redians/second. This was aininized 
by designing a slotted low resistence torquer freme which afforded a factor-of-three 
reduction. Figure § illustrates the excellent linearity achieved on en early gyro/PTSA 
chepne]. 


A strapdowm gyro suat have a high damping coefficient in order to restrict float motion. 
Initially, this proved quite trouwlesome in the LM/ASA Program. A fluid with two components 
of different density hed been chosen to meet certain low temperature aspects of the epec- 
ification. To achieve bigh viscosity, a fluorocarbon was blended with a viscosity improver. 
Therwogravitational diffusion separation of the two components into discrete density layers 
resulted in eases unbalance torqes. The drift rate associated with this effect is inversely 
proportional to viecosity. The major effect, however, tekes place once separation has 
occurred end a given orientation of the instrument is esteblished. A drift will be experi- 
enced whenever the gyro’s orientation with respect to gravity is changed. ‘The tiee re- 
quired for thie drift to settle out will be a function of viscosity and the difference in 
density of the fluid components. It way vary from several hours to a few weeks. Then 
calibration is not prectical for days or weeks before flight, hosever, the probles can 
become severe. Gy storing the gyros at high temperature (to accelerate the diffusion) 
prior to sass unbalance trie, and by using « preferred package orientation in the storage 
container, this problee is minisised. Incorporation of a narrow cut, eiagle component 
fluid eliminates the difficelty altogether. To complete the argument, an experiuent vas 
conducted with a gyro using a viscosity improver of the same density as the fluorocarbon, 
and no such effect uns observed. 


A vexing probiew peceliar to strapdows operation was uncovered duriag the early develop- 
went testing of a complete aystes on a centrifuge. An apparent drift rete in the dese 
eotion matriz calculations during the dynamic rate eavironment occurred due to dissial ler 
bandeidth characteristics of the gyro chemne] loops. ‘This effect was enalyaed as 6 
peeudo-coning drift rate im one chamel os a result of phase sismatch is the other two 
chamels when the latter experienced sinusoidal iapets. figure 6 illustrates the relation- 
chip of the peeudo-coning drift as a function of chennel phase airmatch end sinusoida) 
rete amplitedes. Because of this error source, al] gyro channels are triened during ia- 
line testing to be withia a aerrow band at low frequencies. 
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The RI-1139 gyro was optimized to control input axis stability by the use of 25- 
microinch clearance, pivot-jewel output axis bearings. Also, the equalization of the 
inertia of the gyro float for axes in the plane normal to the output axis was incorporated. 


The accelerometer u*.lized in the SDIMU is the Bell Aerospace Corporation Model VIIB 
single-azis, pendulov., permanent-msagnet, pulse-rebalanced unit. In pulse torquing opera- 
tion, the torquer is operated at a voltage above ground which creates a difference of 
potential between the pendulus and the sensing capacitor pick-off plates. The torquer 
coil is wound on the pendulum. This results in a force of attraction which disturds the 
initial trigmed ‘electrostatic null position” away from the mechanical null. The bias 
is perturbed until the charge is bled off each time the unit is energized. This problea 
was initially corrected through the use of trim capacitors. A superior method uses bleed 
resistors placed in the capacitance bridge circuit. These resistors decrease the bias 
sensitivity to a negligible value and improve turn-on time to reach steady-state outputs. 


2.3 Error Sources 


The performance of a strapdown inertial reference package is contingent upon the magni- 
tude of errors from these principal sources: 


(i) Initial alignment procedure. 
(ii) Sensor seasurenents. 


(111) Computational algorithas. 


The errors in the alignment procedure are associated with local, unknown anowalies and 
noise at the launch site, end seasurement errors in optical and other launch site instru- 
wentation, eas well as the sensor errors. 


the errors in the sensor seasurements are functions of tise, teaperature, voltage, and 
environzent. The sensor errors can be categorized as quasi-steady linear accelerations 
and angular rates of the vehicle. The gyro error aodel shich hes been used* includes 
non-g-sensitive drift (dias), g-sensitive drifts (mass unbalance), scale factor errors, 
and gyro input exis sisalignvents. ‘The acceleroweter error sodel includes bias, scale 
factor errors, aod accelerometer input axis sisalignaent. ‘The odject of the calibration 
procedure is to determine the sensor error eodel coefficients in order to make possible 
in-flight compensation of the errors. A quasi-steady error budget for @ boost -type 
wission gust describe not only the basic accuracy of the sensors (or of the compensation) ; 
but aleo the tive stability of the particular terns. ’ 


Gace the sensor package hus been mounted io the vehicle, gost calibration coefficients 
canmot be found, since the strapdown calibration procedure requires the placing of the 
sensor package in a number of prescribed orientations relative to a reference rate vector 
and the local gravity vector. Good long-ters stability of the sensor performance coeffici - 
ents is essential. 


A partial calibration of the strapdown system can be accomplished on the vehicle in 
conjunction with the alignment of the computational frame to the loca! earth coordinate 
frame of the launch poiat. Various procedures for sechanising ou-the-ped alignaent of a 
etragdcen inertial reference package caz be used. ‘These include pure optical aliguaest, 
accelerometer leveling plus optical asimuth alignaent, aad self-contained (gyroconpass ing) 
aligaaent echeess. ‘The teres that are calibrated are the biases of the tuo gyros isen- 
erally pitch and yes) whose input axes et leunch are nominally vertical, ami the biases 
of the tuo level acceleropeters. In the optically aided alignment schemes the gyro biases 
are automatically obtained. wherens in the nelf-ccatained aligneeat they are byproducts 
of the leveliag loops. If both cases, the accelerometer biases can be odtained by fi lter- 
ing the systee velocity outputs during @ short periot of navigation on the ped. 


Table 3 lists the dynamic error sources, the equations, ami the coefficieats. 
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Evaluation of these dynamic error sources requires knowledge of the mission v.bration 
environment and the specific sensor channel electronic loop characteristics. In the 
design of a strapdown inertial reference package, many of the requirements with regard to 
total system performance can be related directly to the requirements of the individual 
sensor loop dynamic response characteristics. A qualitative summary of the major factors 
which iafluence the overall design of a particular strapdown sensor loop configuration in 
light of mission requirements can be made as follows: 


(i) The requirement on dynamic rectification errors due to vibratory inputs imposes a 
limitation on the compensation network and electrical gain at the frequencies of 
the expected vibrations. This implies that the closed loop float (pendulum) 
motions be kept to a minimum at these expected frequencies. In the ASA, the 1139B 
float motion is held to about 20 arc seconds; the pendulum in the Bell VIIB 
accelerometer moves only about 60 arc seconds. 


(ii) The requirements for the tracking error, both steady-state and transient, imply a 
relatively high electrical gain to yield fast responding loops. 


Besides the individual sensor loop dynamic errors, total system dynamic errors can exist 
due to the simultaneous processing of sensor outputs curing vibratione] inputs, and due to 
the noncoincidence of the sensor package with the center of mass of the vehicle. The 
functional forms of these type errors are also included in Table I. 


The computational errors associated with a strapdown package present no besic limitetion 
in navigation accuracy. Both the present and projected state of the art for digital coa- 
puters permit repetition rates (of high order integration schemes) that exceed the band- 
width of the gyro sensors. This cosbination, in conjunction with sufficient word length, 
eainteins the computational error below any required level. The other systes computational 
error to be considered is that of sensor quantization which, in essence, pleces a tise lag 
in the data stream (for angular deta below the quantization level). Using time-eodulated 
torquing, this pulse quantization can be aade ag fine as required, end this does not then 
constitute a significant system comrtational error. 


The computation error types, round-off, quantization, and truncation, can be controlled 
by computer word length. pulse quantization eagnitude, integration approach, and a prac- 
tical cutoff point for high frequency inputs that are related to computer integration cycle 
tine. The control of computational error is illustrated in Pigure 7. Note that there is 
a trade-off available for any given set of system requirements between a possitile shock 
wount design end the computer integration sethod and speed. 


3. ACCEPTANCE TESTING 


The production acceptance test program consists of operational. vibration, asd thernal 
vacuum teats. During exposure to the test environments, performance parameters are eoni- 
tored in each instrupent channe}. 


The ein recuireaents of the acceptance test are eas folloss: 


(i) Verify the inertial perforwance characteristics of the SDIM. 


{11) Bealua’e the effects of vibration acd thermal-vacuus enviroments by performing 
tests vefore. during, ant after the environsental condition. 


(iil} Observe the critical characteriatics of the SDIM' ie a sufficiently detailed 
@anner so that the projected reliability end performance charecteristics can be 
evaluated from a lisited seaple of data. 
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Operational testing is concerned primarily with calibrations. The parameters that aust 
be determined are the scale factor, bias, input and spin axis, wass unbalance, and input 
axis alignaent for each of the three gyro/PTSA channels, and scale factor, bias, and input 
axis alignaent for each of the three accelerometer/FTSA channels. 


The calibration procedure developed consisted of six static tests and six dynamic tests. 
In the static case, the package is held stationary, and data are gathered over a fixed 
time interval. The package is accurately aligned with respect to gravity and earth rate, 
permitting the evaluation of all performance parameters except gyro/PTSA scale factor and 
input exis alignpents. Each input axis is aligned beth vertically up and vertically dow. 
The acceleroneter/PTSA scale factor is obtained from the difference of the data accumulated 
with the input axis up and down, and the bias is determined from the sum of these data. 
The input axis alignment for each accelerometer/PTSA channe) is obtained from the differ- 
ence in outputs when the accelerometer input axis is horizonta!. The gyro/PTSA bias is 
obtained fros the sum of the data with the gyro oriented with its input axis up snd down, 
and the spin axis mass unbalance for each gyro channel] is determined from the difference 
in the data when each gyro is oriented with its spin axis vertically up and dow. 


Six dynamic tests are required for the evaluation of gyro/PTSA scale factor and the 
direction cosines. These tests consist of rotating the Im about each gyro vertically 
oriented input axis at a constant rate over a precisely knoen angle, first in a clockwise 
and then in a counter-clockwise direction. Por sost applications, rates in excess of 1 
degree/second sust be sensed. Each gyro/PTSA scale factor is obtained from the difference 
in the data obtained from the clockwise and counter-clockwise directions. The input axis 
alignment is obtained from rotational data when the gyro is oriented with its input axis 
horizontal. A production test set for calibration is shown in Figure 8. 


The vibration tests that are performed as part of “he acceptance testing are designed 
to verify the functions] aperation of the SDIMU during a simulated mission level randos 
vibration environment (see Pigure 9). The SDIMU is attached to a vibration fixture in 
such 9 wenner that the linear vibration input can be applied along any one of ita prieary 
axes, Durirg vibration, critica] performance paremeters are monitored. Cryatal accelero- 
meters are positioned with their sensitive axes along the vibration input and located next 
to each SDIMU @ourting point. Dete from these instruments are recorded during the randoe 
vibration test to provide power spectral density spectra. ‘The change in performance across 
the vibration test is determined both by observing the change in the wean value of the 
SOlM) calibration coefficients. obtained from calibrations performed before and after the 
test, and by observing the change ion the “static” outputs of the sensor channels fros 
lepediately before to immediately after the test. 


The objective of the thervel vecum test is to verify the operation of the SDIMU shen 
subjected to siqulated aission temperature and vacuus environments. The SOlM) is insta) led 
on ap adapter on a theraeal shroud eithin a thermal vecuue chamber. After the chasbder 
pressure is reduced to 1+ 10°* torr or lower, the SDIMU is subjected to high (130°R) and 
low (30°F) temperature conditions for one hour at each test level. Teo 200-second pulse 
counts are accumulated from the sensor channels every 15 sinutes during and at the ead of 
the one-hour period. The pulse counts accumulated at each tice specified are compered 
against & pre-environment reference seasuresent in order to provice & measure of perfore- 
ance during the sisciated aission environmental extremes. The change in performance across 
the thereal vacuus test is also determined by observing the change in the eean value of 
the calibration coefficients obtained from sets of celibrations perforwed defore end after 
the test. 


Acceptance test data for several production SOIMs are presented in Tables 11, 111 
and IV. Table If presents a sumary of SDIW perforwance for aission-level vibration and 
thermal vacuum environsests. These data show the total difference in the wean value of the 
calibration coefficients from before to after the eavironmental test, ia teras of a aver- 
age of the three channels per SDI. taprovesent in gyro errors during therpal vecuw 
testing bas been obtained recently by a change in the sethod of processing the surface of 
the gyro sownting seat to permit better tesperature costrol. 
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Table III summarizes SDIMU stability data over the four-day acceptance test period. 
These stability data, expressed as 37 values, include the effects of vibration and 
thermal vacuum testing. A technique has been developed to separate accelerometer bias 
from the bias of the rebalance amplifier. Analysis of the data shows that most of the 
bias shift is associated with the instrument, and that scale factor data for both gyros 
and accelerometers can be srarkedly improved by better control of noise in the power supply. 


The short-term repeatability of EDIMU performance coefficients is defined as the root- 
mean-square of the standard deviations for each day's calibration test data. Six calibra- 
tion tests sre performed during each day. 


Table IV summarizes the short-term data, which are principally of laboratory interest 
but are useful for comparative surposes. 


4. SLED TESTING 


4.% Description of Test and Test Article 


Recently a series of lsboratory tests and rocket sled runs were conducted st Holloman 
Air Force Base, New Mexico. The test item was an early model of the LM/SDIW with the 
accelerometer loops rescaled to a dynamic range of 18 without altering the bandwidth of 
the closed loop. In addition, an optical reference cube and sounting structure were 
attached to the package. 


The objectives of the teat program can be summarized as follows: 


(i) Verify the ability of the LM strapdoen systee to eaiatain its functional integrity 
and to operate in the simulated missile envircnment of the APMOC bigh speed test 
track. 


(ii) Bvaluate the operation of the strapdowm inertia] seasurement unit and compare the 
output date sith space/tine reference data to determine the avstes accuracy. 


4143) Deterwine. if possible, error sources of the system with respect to gyros, eccel- 
erometers. and associated electronics. 


(iv) Bvaluate the computer algorithms planned for the systes. 


In ali, a total of 14 sled tests divided into three phases (three Phase I runs, five 
Pease I] runs. ard six Phase I}! runs) sere conducted. In addition, the ADIW was labora- 
tory tested end evaluated for static operational perforeance prior to sled teste to we 
@ base to which the sled test results could be cospered. 


The purpose of the Phase 1 runs vas to establish a rotational aad trens)ational vibre- 
tion profile. The objective of the Phase II rune eas to check ont and optivize the fina) 
system configuration for a qualitative perforsence evaluation. the Phase Ii! rans were 
then perforsed eith a detailed quantitative alysis of ayatem performance as the objective. 


The following is the general sequence cf events in the Phase III sled test: 
ti) Pre-run laboratory calibration of SOIM’ and electronics. 
(ii) Controlled treasfer of SDIMD from laboratory to sled. 


(i111) Pre-run optical alignment of ABA on sled. 
(iv) Sled cum end date gathering. 


(v) Post-rum optical alignment check of IW on sled. 
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(vi) Controlled transfér of SDIMU from sled to laboratory. 


(vii) Post-run laboratory calibration of SDIMU and electronics. 


4.2 Environment 


The Phase II] sled tes? profile had a maximum linear acceleration of approximately 8 
and a maximum velccity of 1500 ft/sec, occurring in the first 8 seconds of boost. Booster 
engine cutoff is followed by a decelerating coast of the sled toward a water brake approx- 
imately 27,000 ft down track. The water brake slows the sled velocity tc approximately 
200 ft/sec and the sled continues to coast to a stop at approximately 36,000 ft. A typical 
sled run profile ts shown in Figure 10. 


Power spectral density characteristics of the guidance pallet vibrations indicated that 
the most severe vibration levels occurred at the time of booster cutoff, with the highest 
leve] appearizg as pitch vibrations of almost 10 degrees per second (RMS). Typical roll 
angular rate vibration spectra at various times during a sled run are shown in Figure 11. 
Linear acceleration vibration levels at booster cutoff are on the order of 1g (RMS). 


4.3 Preliminary Results 


The SDIMU sensor channel data were recorded on twn test vehicle tape recorders during 
the sled runs. Simultaneousiy, signals from the track space/time reference displacement 
measuring system were recorded. The space/time system measures the times the sled passes 
the accurately surveyed light beam interrupters spaced along the 7-mile track. The 
recorded sensor data, the space/time reference, 3S weil as all treck survey data, are used 
to generate velocity error functions to indicate SDIMU performance. 


Velocity error plots are usually obtained in either one of the following coordinate 
systems: 


Track Coordinates - Velocity error functions are computed using the SDIMU accelerometer 
outputs only to obtain a quick-look indication of performance, by assuming that the 
pallet follows the track rails wd has no high frequency oscillations due to sled 
engular motions and vibration isolator characteristics. Corrections are made for 
initial accelerometer alignment with respect to the track rails. 


Astronomic Tangent Plane Coordinates - In this case, the ASA gyro channel data are used 
to transform the accelerometer channel] data into astronomic tangent plane coordinates. 
The computed system velocity is compared to the space/time reference, resulting in 
error functions representing total SDIM velocity error. 


The data reduction used to obtain the velocity error functions utilized a CDC-3600 
computer which was programmed to incorporate the strapdown algorithm. The system errors, 
therefore, include those of the computational scheme. Deterministic SDIMU sensor error 
coefficients of bias, scale factor, and input axis misalignment are compensated for in the 
computational scheme, using values obtained from pretest calibrations. 


Preliminary results from the first of the Phase III sled runs are presented in 
Figures 12-14, The computed velocity error functions in track coordinates are shown 
in Figure 12. These error functions computed by subtracting the space/time reference fron 
the compensated accelerometer outputs, exhibit two main effects: the curveture of the 
earth in the space/time reference along X (down track), and a tipping back (pitch rotation) 
of the ASA Z-axis (vertical) during boost. The space-time data are compensated to account 
for earth curvature, whereas the accelerometer outputs (in the absence of the gyro-dependent 
transformation function) are not, The tipping back of the Z-axis can be observed in the 
plot of Figure 13, which displays the angular displacement about the pitch axis as sensed 
by the ASA Y-gyro. The ASA appears to tip backward during boost, forward past its starting 
orientation (approximately 2 degrees elevation of X) during booster cutoff and coast, and 
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then forward again upon entering the water brakes. Again, in the absence of the gyro- 
dependent coordinate transfcrmation function, the tipping motions are not tracked by the 
system, and components of earth gravity and the sled thrust acceleration are erroneously 
reflected as velocity errors in the track coordinates. 


Tue velocity errors computed in astronomic tangent plane coordinates in conjunction 
with the space/time reference are shown in Figure 14. Several significant error sources 
are displayed. The crosstrack (Y) velocity error is most sensitive to yaw (Z) gyro 
misalignment in tracking the direction of the thrust acceleration in the level plane. A 
misalignment of the yaw gyro allows the thrust velocity profile to be reflected in the 
crosstrack velocity error. The vertical] (Z) velocity error is similarly sensitive to the 
pitch (¥) gyro performance in tracking the direction of the thrust acceleration in the 
vertical plane. The downtrack (X) velocity error is sensitive to the pitch gyro perforn- 
ance in resolving the directing of gravity. 


It should be noted that the computational algorithms that were used to reduce the data 
of- Figure 14 do not include gyro mass unbalance compensation. Since the output axis of 
the roll (X) gyro is perpendicular to the thrust acceleration, and sirce the crosstrack 
velocity error is also sensitive to the roll gyro drift, the magnitude of the X-gyro spin 
axis mass unbalance gains added importance. In addition, the output axes of the pitch (Y) 
and yaw (Z) gyros are perpendicular to gravity, thereby inducing a drift in pitch and yaw 
due to uncompensated Y-gyro input axis mass unbalance and Z-gyro spin axis mass unbalance, 
respectively. 





Complete results of these tests will be described in a forthcoming Air Force technical 
report. 


3. APPLICATIONS 


The SOIMU which has been described in this paper lends itself admirably to spacecraft 
operations. Accelerometer bias can be updated in free flight if necessary; gyro drift is 
adequate for many existing missions. The rclative ease of combining a strapdown package 
with an optical sensor to update bias adds to its usefulness. In an orbital transfer, the 
strapdown system showS some advantage over a platform. The vehicle roll axis is maintained 
perpendicular to the radius vector so that the sensor package will rotate at a constant 
rate witb respect to inertial space. This condition serves to introduce a modulated drift 
rate (at an angular frequency equal to the pitch rate) which contributes to the attenuation 
nf system burn velocity error due to sensor biases, and also reduces the divergence of the 
velocity error. This effect is illustrated in Figure 15, which displays the idealized 
functional behavior cf system velocity error due to gyro bias for both a strapdowmn and a 
rimballed navigator. 


In general, techniques for filtering and schemes for sensor error attenuation which are 
implemented in navigation systems using gimballed inertial measurement units may also be 
employed with the SDJMU system. Digital or pulse filters as processed in the flight com- 
puter will yield characteristics similar to those provided by analog filters employed in 
gimbal systens. 


The preliminary sled test results indicate that, for boust snd injection applications, 
the SDIMU is competitive with platforms. Pad alignment prior to launch is best handled 
optically for high performance, although gyrocompassing can be readily accomplished. 
Figure 16 shows injection errors as a function of coast angles based on 30-day sensor 
stability’. ‘he ability to align the package in @ preferred orientation with respect to 
the thrust vector tends to minimize gravity-sensitive errors. Platform errors tend to be 
compounded, since the angle between the thrust vector and the triad is changing. This 
advantage can only be realized, however, if the float motion in a strapdown gyro is held 


to very small values. Also, as previously noted the rebalance loops must have equal phase 
shift. 
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Considerable thought has gone into aircraft uses of an SDIMU. The high rates encountered 
in fighter aircraft produce an error which needs more engineering attention; howe'er, 
there seem to be no inherent problems in minimizing this effect up to 200 degrees/second. 
For transport aircraft, inflight alignment of a Schuler-tuned system shows considerable 
promise. The use of electromagnetic position fixing makes the SDIMU very attractive. In 
addition, such a system makes possible the combining of both flight control and navigation 
sensory functions. 


6. CONCLUSIONS 


The following conclusions are drawn as a result of this strapdown system work which has 
been accomplishec: 


(i) High quality inertial system data, particularly suited for boost applications, 
can be obtained with a single-degree-of-freedom strapdorn reference packuge. 


(ii) The dynamics problem can be treated on a rigorous basis and, at this time, poses 
no barriers to further development. 


(iii) Long-term stability and its relation to calibration and aligameut. is of paramount 
importance. 
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Strapdown Inertial Navigator Integration Exner iments. 


United Aircraft Corporate Systems Center, UACSC Report SCTW 
250, May 1966. 
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Summary of Dynamic Error Sources 









a x fartan 
+ Del aw haw? Cote, 






ANTSOINERTIA 







2 ° Flul, Caw iw SNe, 





OUT-OF - PHASE 









IN- PHASE 






SPIN-INPUT 
RECTIFICATION 









OUT-OF - PHASE 





SPLN-OUl PUT 
RECTIFICATION 

















OUT-OF - PHASE 





D oot wldenfan 
(rad/eec 3, 
G+ .G- 
otk (dee 
Pit (deg/nec) 
mr 
a 
(a) 
aur 
conte 
“p° 78 e* a 
@ACCELEROMETER CHANNEL 


ERROR 
EQUATION 


IN- PHASE 
VIBROPENDU LOSITY 


OUTPUT AXIS 
ANGULAR ACCEL- 
ERATION 


SCALE FACTOR 

ASYMMETRY 
ROTOR 
UNBALANCE 


FLOAT FRICTION 
SCALE FACTOR 
ERROR 


oe) 















OUT -OF - PHASE 







SCALE FACTOR 
ASYMMETRY 







te ence acne ated tiat ad ict nn ne a a ah 
: aiaana ee ecias an awe. 


{ 
\ 
| 
} 





TABLE I 


Summary of Dynamic Error Sources (continued) 








ERROR SOURCE ERROR EQUATION COEFFICIENT COEFFICIENT UNITS 


NON-IDENTICAL 
GYRO LOOPS 





PSEUDN-CONING 








OUT PUT AXIS 
ANGULAR MOTION 





PSEUDC -SCi LLING 


SZERFFECT 


ERROR MODEL NOMENCLATURE 


1A, OA, SA Input, output, eptn axe 
Rn Angular rate amplitude 
A Linear acceleration amplitude 
~ Vibration angular frequency 
“pb Average drift rate 
M Mass of the float-wheel combination 
m Effective mass unbalance of wheel 
t Eflective mass unbalance displacement from wheel center of 
rotation 
H Spin angular snomentum 
Jj Moment of inertia of the Moat about the output axis 
Ina Moment of inertia of the QOoat about the apie axis 
TAF Moment of inertta of the Goat about the input axis 
law Moment of inertia of the wheel about the spin axis 
haw Moment of tneriia of the whee! about the input axis 
lia Combined moment of inertia of the float and wheel sbout the 
: tieput axis 
ey Combined moment of inertia of the float and wheel about the 
spin axis 
Ksa Elastic compliance of Noat-wheel combination along the spin 
axis 
Rin Elastic compliance of Moat-whee] combination along the {nput 
acs 
sont Gyro closed loop cesponse evaluated at the input vibration amp. 
BA le Httude and frequercy 
| a Gyro closed loop float response evaluated at the 1 out vibration 
nals amplitude and frequency 
4, Closed loop phase shift evaluated at the input vibration 
frequency 
{s«_] Gyfo motor transfer f:nction magnitude evaly ated at the vibration 
frequency along the erin axis 
1 Gyro motor transfer fi... tion phase evaluated at the vibration 
G frequency along the spi: vas 
s. Average gto scale facto’ 
< Gyro scale factor for positive angular rate input 
sc- Gyro seale factor for negative anguiar rate input 
F Gyro viscous damping 
Ty Fixed error torque atout the output axis 
x Unit reference axis of vehicle 
Ts. Radius of the float bearings 
4 Distance between the two Moet bearings 
o Coefficient of static friction 
Ps Maximum torquing rate of gyro 
e Accelerometer closed loop Most response evaluated a: the 


P 195 


& 


input vibration amplitude and frequency 


P Accelerometer pend. losity 

4, Moment of inertia of accelerometer pendulum about the 
output axis 

sh Average accelerometer channel & aie factor 

a, Average accelerometer bias 

if Phase difference between simultaneous linrar and angular 
vitrauop 

Xo Displacement of acceler meter input axis from axis of 


Totation 
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SDIW) 4-Day 3° Acceptance Test Perforuance 


[__________]___ AVERAGE OF THREE CHANNELS 


GYRO CHANNEL 
Bias(/hr) 
Scale Factor (ppm) 
IA Unbalance(/hr) 





SA Unbalance(/hr) 
IA Alignment(arc sec) 


ACCEL CHANNEL 
Bias (ug's) 
Scale Factor(ppm) 
IA Alignment(arc sec) 





TABLE IV 


S@IW Short Tere Perferuance 


PERFORMANCE PARAMETER 


GYRO/PTSA BIAS (/HR) 

GYRO/PTSA SCALE FACTOR (PPM) 
GYRO IA MASS UNBALANCE (/HR/G) 
GYRO SA MASS UNBALANCE (°/HR/G) 
GYRO IA ALIGNMENT (ARC SEC) 
ACCELEROMETER/PTSA BIAS (MICRO-G) 
ACCELEROMETER/PTSA SCALE FACTOR (PPM) 
ACCELEROMETER IA ALIGNMENT (ARC SEC) 


RMS OF 
FOUR DAILY 1 c's 
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SUMMARY 


the inertial platform used in the ELDO-A Program has to be tested ana 
aligned prior to launch. This will be done by means of a Field Test and 
Alignment Unit, described in the paper. The Field Test Unit performs all the 
Necessary switching between the platform system and the measuring and record- 
ing instruments. Por easier cperation and for the purpose of documentation 
all data are delivered digitally and printed. The applied method of the 
platform alignment starts with coarse alignment by synchro caging. Then the 
platform is leveled to the local vertical and subseqently aligned to North 
by closing the gyrocompassing loops. In this acde the calibration of the 
torquer ecale-factors will be performed by aligning the platform in different 
positions. As a last step of the procedure the two vertical gyros will be 
trigned, to achieve a higher alignment accuracy. 
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FIELD TEST, ALIGNMENT AND TRIMMING 
OF THE ELDO-A PLATFORM 


Manfred Pitz 


1. ENTRODUCTION 


In the ELDO-A Program, an inertial platform is used as a reference system for the 
attitude control of the vehicle. In a subsequent program this platform will be completed, 
as a full inertial navigation system, by the addition of a computer and the necessary 
interface equipment. In doth cases, whether used for attitude reference only or as a part 
of an inertial navigation system, the platform has to be tested and aligned before launch. 
This can be done by means of a Field Test and Alignment Equipment, which allows a conpre- 
hensive testing of the platform, calibration of the torquer scale factors, trimming of the 
gyro drift and gyrocompassing alignment. 


The platform testing is not part of the count-down. It will be undertaken, when the 
platform system is in the Preparation Building, to ensure that the system is working 
properly before it is installed in the vehicle. If a fault occurs, it can be localised to 
@ certain extent by the test equipment, to determine whether the system can be repaired 
in the launching area or must be sent back to the manufacturer. 


The alignment of the platform by gyrocompassing and the gyro drift-trim will also be 
done in the Preparation Buj)ding, at present. This alignzent can be regarded as part of 
the test procedure, because the essential componenta of the platform, such as gyros and 
accelerometers, will be used for this purpose, and their accuracy can be checked. ‘the 
actual alignment, of course, will be dune when the platform is aounted in the vehicle. 


2. PLATFORM TESTING 


The Field Test Unit (Fig.1) is rack-sounted in a console and consists of the following 
parts: 


Punction test unit 
Recording and measuring unit 
Three angle repeater unit. 


In addition there is the alignment unit and the ewitch-on-unit; the latter, being deliy- 
ered by the platform manufacturer, can aleo be built into the racks. 


By weans of the field test unit the following tests can be performed: 


Insulation and contiauity testing 

Testing of platform electronics 

Temperature seasuresents 

Testing of gyro sotors 

Testing of gimbal servo aotors and servo loops 
Testing of gyros and accelerometers. 


These tests will be done with the system operating at the nominal voltage, with under- 
voltage and overvoltage corresponding to the range given by the specifications. 
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The function test unit represents the central switching equipment, by means of which the 
complete field test is effected semi-automatically in relation to a specified program. 
After the cables of the platform, the electronics, and the switch-on-unit have been coupled 
to the test-equipment, the approximately 170 mcnitoring points of these systems are 
connected to the corresponding measuring and recording devices according to the sequence 
selected. This sequence is given by the test program. The appropriate connections are 
provided automatically by operating push-buttons. In addition, the operating voltage 
necessary for the tests is switched to the system to be tested. 


The measured values of the resistances, voltages, currents, and frequencies are deliv- 
ered digitally. For the purpose of documentation, and for proper identification of each 
measurement, the test point number, measured value, and dimension are printed out. The 
measured transient responses are recorded. These are the transient responses of the 
gimbal servo loops and the accelerometer servo loops, the output signal of the accelero- 
meters when rotating the cluster about the different axes, and the platform temperature. 


Switching is done in the relay-unit, which contains 2 relay matrices of 200 Hercon 
relays, 2 diode matrices, and an electrical dummy of the platform. This dummy is used to 
test the platform electronics defore connecting it to the platform. By this means platform 
damage due to faults in the platform electronics is evoided. Whereas the platform elec- 
tronics can be repaired in the launching area at Woomera, the platfors has to be sent 
back to the manufacturer in Europe if a fault occurs. 


In the relay-unit of the Field Test Equipment, as well as the 200 Hercon relays, there 
are additional relays belonging to safety circuits which will protect the platform system 
in the event of incorrect operation. The 2 diode matrices deliver the test number and 
dimension of the measured value to the printer in BCD code. 


As experience during the operations in Woomera has shown, the Field Test Equipaent 
allows comprehensive testing of the platform system in a relatively short tire. 


3. GYROCOMPASSING ALIGNMENT 


As already mentioned, the alignment of the platfors before launch is done by gyro- 
compassing. The platform used in the ELDO-A Program for attitude reference is a four 
gimbal SF 600 made by Ferranti Ltd., of Edinburgh. The relations given in Table I exist 
between the axes of the platform, the axes of the vehicle, and those of the earth-fixed 
coordinate system in the position of the initial vehicle, the platform axes being numbered 
from inside to outxide. 


TABLE I 


Platform axis Vehicle axis Ear th- fixed 
coordinate systes 
No.1 (inneraost Pitch 5-4 
axis) 


No.2 Redundant roll Vertical 
azis 


No.3 (inter- Yaw N-S 
aediate 
axis) 





No.4 (outer axis} Vertical 








Leak eerem 
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The platform contains 3 single-axis floated gyros. Type SAGEM 10 675 A, and 3 single- 
axis accelerometers, Type SAGEM 10625 A. As the natural frequency of the servo loops is 
several orders of magnitude higher than that of the alignment loops and the stiffness is 
very high, the function of the servo loops can be neglected for the present, i.e. it is 
assumed that the platfora is exactly aligned at any tise with respect to the gyro axes. 
The inertial components have the accuracy given in Table II. 


TABLE II 


Gyro SAGEM 10 675 A 


Mass unbalance drift 

Fixed restraint drift 
Anisoelastic drift 

Random drift 0.A. vertical 
Randow drift 0.A. horizontal 
Torquer scale factor 


1°/h/g (mmx) 
1°/, (wax) 

0. 04°/h/g? (max) 
0.03°/h (17) 
0.05° fh (10) 

2 /n/nA?* 


Accelerometer SAGEM 10 625 A 


Range t 20g 
Linearity 10°“ for + Ig 
Bias 2 10° "¢ 
Bias discrepancy 0.4 i10°“g 
Zero stability (day to day) 2* 10°"s 





The configuration of all the elements for the essential alignaent is illustrated in 
Figure 2, where the 3 gyros are shom with their relationship of axes and the 2 hori- 
zontal accelerometers are represented by pendulums. The x and y axes of the coordin- 
ate system used are horizontal, the y axis points to the North, end the 2 axis is 
vertical. The earth’s rotation «©, is resolved into its two components elong the y 
and 2 axes, 4% cos \ and « sin A . A further resolution of the « cos \ component 
relative to the axes of a cocrdinate system rotated about the 2 azis by en angle >, 
yields the components =, cos ‘ com, (along the input axis of the NS gyro) and 
w cos A sin d, (along the input axis of the &W gyro). 


Vertical alignaent of the platform ia achieved by connecting the outputs of the mF 
end/or the NS accelerometer across filters and amplifiers with the torquers of the NS end/ 
or EW gyros, Two simple control loops are thus created, in shich the effect of the dis- 
turdances must be kept sufficiently low by means of suitable filters and proper selection 
of the parameters. 


Tae horizontal component of the earth’s rotation, «, cos A cos 2, . represents the 
predominant disturbance factor, and should therefore be compensated. Aa in the aligned 
condition (= 0) its value is constent and varies only slightly in the vicinity of 
this point («, cos A cos 4) . such a compensation can be effected by a constant dias 
signe] on the torqer of the NS gyro. ‘This se@ires, hoseever, that the scale factor of 
the torquer is known and constant. A furiier possibility of compensating this disturbance 
factor is the use of an additional integrator in the loop. This elisinates oct oaly the 
effect of the earth's rotation but aleo that of the constant asount of gyro drift on the 
accuracy of the vertical alignaent. A disadvantage of using an integrator ie the higher 
sensitivity to accelerations caused by vehicle motion. 


To achieve alignment to North, a connection between the NS accelerometer and the azi- 
auth gyro is mede, as before, by means of a suitable electromic unit. If there is a 
deviation of the cluster-fixed coordinate system £,%.2 , from the earth-fixed coordinate 
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system x,y,z by the angle +, , the component «, cos A sin >, of the earth’s rotation 
appears as a disturbance factor for the vertical alignaeut loop, gonitored by the NS 
accelerometer. This results in a vertical deviation pruportiura! to w, cos A sin >, ; 

A corresponding signal is thus applied to the azimuth gyro which disappears when m= 0 
and the platform is thus aligned to North. Inverting the sign in the locp results in a 
state at t = 180° , which corresponds to an alignment of the platfore to South. The 
vertical component of the earth's rotation represents a disturbance factor for the 
azimuth loop. which can again be either compensated by a constant bias signal or made 
ineffective by using an integrator in the azimuth loop. Figure 3 shows the root ioci 
of a system with first-order filter with and without integrator. It can be clearly 
seen that, using an integrator, a certain dasping level of «he system cannot be 
exceeded by reducing the gain factor R, , as can be done in the system without 
integrator. 


The block diagrams of the gyrocompassing loops (Pig.4) can be derived from the systen 
equations. They show that the sode cf operation of the systes can be represented by ar 
independent vertical alignment loop and a coupled vertical and azisuth alignaent loos. 
From the 3 components of the earth's rotation the first two components, wu A coe t 
end w@, sin \ , are disturbance factors, whereas the component @, COS A sin fy is the 
control input producing alignwent of the aysiem to North. 


4. ALIGNMENT AND TRIMMING PROCEDURE 


The gyros used in the platform SF 600 were originally devejonec :or an application not 
requiring an accurate torqmer. For this reason, both the linearity and the long-term 
stability are not very good with respect to the gyrocompassing reqiresents. Jn order to 
obtain saximue eccuracy fro the components, the gyro torquer #il1 be calibrated iamediately 
before the actual alignment end trimming procedure. 


The fundamental idea is as follows. When the platiore lics withia the elizuent ioop 
and a steady state has been attained, i.e. when the a!isime:t operation is completed, « 
current corresponding to the horiaontel component of the earth's rotation, &, cos \ cos *; , 
must aleays be fed into the NS gyro torqer. As the value a, COB A Cos > for 4, = 0 
is known exactly for the given latitude. the acale factor representing the proportionality 
copatant between the current and the resulting rotation coul: be ceterained by eeenuring 
the current in the torqer. 


The special probles is now that the drift, which is stil! unknown, also acts upon the 
gyro, in addition to the earth’s rotation. ‘Two measurements are therefore necessars to 
separate these teo quantities. Por the stationary cas*, the current in the torquer is 


Kyl, = ie COM N COS SD, e uy + FHL, + Cyg) wy SIR A 
when the aystem i3 aligned to North. ‘The tern (>, “ tygh, Sin \ results froe coupling 
induced by the vertical slignwent error 2,, and the eisaligasent beteees the inertial 
components ¢,. . 


If the system is then aligned to South, the sign of the borisontel fomponeat of the 
earth’s rotation has changed. Provided that the drift remains constan: Gurieg rotation 
of the platfore, the currest in the torquer is 


Kyly, : ~%_ cop A cos dS, + aye (2, * Eng) o, sind. 


The Grift and the coupling errors can therefore be eliminated frow these teo equativag ta 
Geteraine the scale factor. 
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The accuracy limits of this measurement depend on the value of the randow drift. More- 
over, errors can occur when the trimming state of the gyros changes during rotation froe 
North to South. ‘This may occur particularly when summing networks are used. ‘he gyro 
should be pre-trimmed before measurement, in order to avoid excessive deviation errors 
from North. 


Por small angles > , the term cos ¢, can be nexiected. The error thus caused is 
approximately 1°/oo for #, = 2.5° . 


For scale factor calibration of both vertical gyros, the platform has to be aligned 
successively in the positions %, = 0° , 99°, 180° and 270°, and th> current flowing 
through the torqer of the gyro whose input axis is actually positioned in the NS direction, 
must be determined. Elimination of the still unknowm gyr» drift is possible from the four 
measured values, using the given relations, permitting the calculation of the two torquer 
scale factors. 


The next step is the triaming of the two vertical gyros. The gyro drift censists of 
different components, which are acceleration-independent, acceleration-dependent and 
random. For the NS gyro and the EW gyro, which are positioned with their output axes 
vertical, the ecceleration-dependent drift is zero and only the two other components ere 
present. 


A great advantage of gyrocompassing alignment is that the constant amount of the drift, 
‘which say change frou suitch-on to switch-on, can be trigmed before the actual application 
of the platform. This trigsing is done during the alignwcnt of the gyro, whose input azis 
is positioned in the NB direction. For this purpose, the equations for the torquer current 
in the ateady state are agein used: 


Kely = 4, cos 4 con Dy tay t (ye * fng) He sind, 


l.e., the current generates a gyro precession corretpiunding the sum of the horizontal) 
coaponeot of the earth's rotetion, the drift and the frectian of the vertical component 

of the earth's roteticn induced by coupling errors. The gyro trieming can now be done so 
that the appropriate tris fotentioweter of the NS eyre '< «fjusted unti) the torquer current 
of the NS ayre is 


1 
ly z i“ coe A cos +, * (Fy, * yg) a, 818 A) 


and the active gyro drift o = @ . The trimming #1]1]' be done by neglecting the teres 
cost, and (2, * tug) ay sin A. The resulting errors in drift trimming are, for 
A 43° and 

% = 2. (& gyro only pre-trimed), uy 2 0.01°.% 

(Bgq * tpg) = Loved, Siaty X 0.019 


Por triepiag the second vertical gyro, the cluster hes to be rotated through 90°. 


5. GFFECT OF THE COBPONENT ERRORS 


The different component errors ces affect both the dynamic response sad the static 
accuracy of the systea. 


‘Tbe first troup iacledes the errors due to sisslignsent cof the inertiel components on 
the platfore. They lead to couplings between the individcal loope, es erll as to addi- 
tional cross-coupling of the varisbles within these loops. Pigure 5 illustrates all the 
resuiting couplings of this hind. 
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The foliowing definitions of misalignment errors are used: 


ens NS gyro and NS accelerometer 


EW EW gyro and EW accelerometer 
faz AZ gyro and AZ accelerometer 
ons NS gyro and AZ axis of platform 


ony EW gyro and AZ axis of platform. 


A closer examination of these effects shows, however, that a misalignment between the 
input axis of the EW gyro and the AZ axis of the platform has the greatest effect on the 
dynamic response of the system. This causes the EW-gyro to sense a component of the 
cluster rotation about the azimuth axis which resuits in a component additional to the 
control signal w, COS A sin Pe as a function of the speed ee . In the steady state we 
have t, = 0, i.e., the static accuracy of the system is not affected. Because of this 
effect between the cutput and input value of the control loop there is a proportionally 
acting element Hw, cos A , and parallel to it a damping elem2nt with the transfer function 
Hopys . Depending on whether the alignment is made to North (0° position) or to South 
(180° position), the sign of this element changes, whereas that of the proportional ele- 
ment remains unchanged and the denping will be higher or lower compared to a system without 
coupling. 


It should be noted thet similar effects can also be caused by electrical couplings of 
circuits. 


The dominant quantities on which the accuracy of the system depends in the steady state 
are 


gyro drift, the earth’s rotation, zero stability of electronics, and accelerometer 
bias. 


The resulting errors are listed in Table III 


TABLE III 
| Vertical Alignment 
Accelerometer bias 2 x 10°“ 40" 
Amplifier drift 0.3 uV/c 3. 1077" °C 


Earth rotation @, cos \ coe 


Constant amount of gyro drift 
(EW and NS) ase 


Azimuth Alignment 


Accelerometer bias 2 x 10° “g 1' 
Amplifier drift 0.3 uvV/c ones 
Random drift of EW gyro 0. 03°/h 10' 
Torquer linearity of EW gyro 0.5% 15’ 


Constant amount of gyro drift (AZ) seas 


Earth rotation w, sin x Shion 


Misalignment of inertial components 
1 mrad 3 
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It can be seen from Table III that the vertical alignment accuracy mainly depends on the 
accelerometer bias. The accuracy of the azimuth alignment is determined by two dominant 
error sources, the randow drift and the torquer linearity of the EW gyro. 
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Fig.1 Platform check-out and alignment equipment 
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Fig.2 Simplified gyrocompassing syste= 
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Fig.3 Root locus curves of gyrocompassing system 
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Fig.4 Block diagrams of alignment loops 
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Fig.5 Block diagram of coupled alignment ‘oops 
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Fig.6 &ffect of wisalignment bay between EW gyro and azimuth axis 
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PREDICTION DE L’ ERREUR D’ UNE 
CENTRALE INERTIELLE 


Miguel da Silveira 


1. MODELES D’ ERREUR 


Les modéles d’erreur des centrales de navigation inertielle (CNI) interviennent aussi 
bien dans 1’ analyse des erreurs des CNI que dans les études d’optimisation de systémes 
dont fait partie une CNI. Le choix du modéle est fondamental et de nombreux travaux ont 
été publiés ot plusieurs modéles sont étudiés. 


kn analysant les divers modeles proposés, on s’apercoit qu’ils font toujcurs intervenir 
des processus stochastiques réguliers. Les modeles bases sur des processus singuliers 
(Doob!) dits encore déterministes (Middleton’), ne semblent pas avoir retenu 1’ attention 
ces chercheurs. 


Au cours de plusieurs etudes effectuées depuis 1961 pour le Service Technique des Téle- 
communications de l’Air, et plus tard, pour la Direction des Recherches et Moyens d’Essais 
ainsi que pour le Service Technique Aéronautique, nous avons etudie un modele d’erreur de 
CMI base sur tn processus singulier. Ce modele a été progressivement perfectionné & mesure 
que des resultats experimentaux devenaient disponibles. 


2, MODELE “SINGULIER”’ 


Rappelon- que ]’évolution d'un processus stochastique singulier (Doob) ou déterministe 
(Middleton) est defini par les valeurs d'un nombre fini de parametres. Dans le cas des 
CNI, cette circonstenee csi w peu pres verifiee, car l’erreur de position obéit a un 
systeme d’equations différentielles; mais elle n’est pas exactement vérifiée car dans ce 
systeme, interviennent er parametre des processus reguliers (bruits). I) se trouve que 
l'influence de ces bruits, au moins @ court terme, ost faible et on peut en profiter de le 
facon suivante. Si on intégre le systeme d’équations différentielles par la méthode de 
Lagrange, en le remplacant d’abord par un systtm auxiliaire ne comportant pas de source 
de bruit, om trouve une ec!ution générale du systeme auxiliaire du type 


~~ 


GE? CGC ee panei iG (1) 


ou ¢ est le vecteur erreur, ¢ le vecteur pesition, t le temps courant et Cre oon 
des constantes d’intégration. Alors le solution du systeme donné, comprenant les sources 
de bruit, est de la forme 


B= ZetFivs (ty... bg (td), (2) 


ou W,(t),....¥,(t) somt des fonctions convenablement déeterminées, qui tiennent comptc 
des bruits; ce seront donc des processus. Le fait que les bruits, en tant que procesaus 
réguliers, n'ont que peu d’ influence, se traduit par le fait qe les ¥,(t) ne s'écartent 
pas notablement des valeurs des constantes Cc, qu’ils remplacent. 


L’' expression (1) de € peut étre considéree comme obtenuc en négligeant dans (2) la 
variation des fonctions ¥,(t) . C'est l’expression (1) qui constitue le modele singulie-. 
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La forme de Z est connue, mais les valeurs des constantes Cy sont inconnues. Par la 
suite, on ne s’occupera plus des fonctions Y, c’est a dire qu’on ne s’occupera pas des 
bruits internes en tant que processus. 


3. FORME EXPLICITE 


En simplifiant convenablement les equations d’une CNI, on trouve 1’ expression approchee 
suivante pour le systeme différentiel dont e est solution: 


p>? + (92})f = [e]lp*e (3) 


Les simplifications sont valables pour des durees et des parcours correspondant aux 
applications aériennes, mais pas pour des applications de grande duree. La Figure 1 
indique l’erreur sur le modele qui résulte de ces simplifications. 


Dans (3), [92] et [e] sont des (2 x 2) - matrices diagonales, la premiere étant 
scalaire. Les éléments de (02] ont pour valeur le carré de la fréquence angulaire S$), 
de Schiller, et ceux de {ce} définissent les desaccords relatifs des deux voies par 
rapport a 9 . 


4. ESTIMATION DES COEFFICIENTS 


La solution de (3) est constituee par deux fonctions du temps, une pour chaque voie de 
la centrale. Nous allons nous occuper uniquement d’une voie. La forme de la composante 
correspondante, {, est la somme de la solution générale (, de 1’equation sans second 
membre et d’une solution particuliere ¢, de l’équation comlete, ¢=%,+4,. Soit 
une suite de releves aux instants ty: Op (ty) (i = 0, 1,....N) ; alors ¢, correspond 
@ la propagation dans le temps des erreurs existant a l’instant t, et ¢, & 1'influence 
des accelerations du vehicule pendant ]'intervalle (t,,t) . 


L'estimation de ¢, et (6, apartirde la suite ¢ , se fait par la methode des 
moindres carres, pour minimiser la variance d’estimation. & effet, le releve de oy 


est affecte de deux erreurs, celle du systeme de reférence, par rapport auqel on evalue 
les erreurs de la centrale, et encore l’erreur de lecture de cette derniere. 


L’expression de §, s'obtient comme une combinaison linéaire de cing solutions 
linéairement indépendantes de l’equation sans second membre: 


Dp? + MYL, = 0. (4) 
Par exemple, on pourrait prendre comme systeme fondamental le suivant, 
cos Mt, sinf§t, 1, t, t?, (5) 
mais il presente, du point de vue de l’estimation, le defaut d’&tre oblique. I] est 
preferable de prendre cing fonctions orthogonales, que nous prenons aussi normées, soit 
F(t), Fat)... Sy (t) . 
Done < Shook > = one . (6) 


Le produit scalaire est defini, a un facteur constant pres, par la matrice inverse de 
la matrice de covariances des erreurs qui affectent i , (Ref. 2). En admettant que 1' échanti) lon- 
nage de o est suffisamment lent pour qe les erreurs deviennent décorrelées, et que 
leur variance est constante, on peut poser 


< Syeda > = > En (ty) Sp (ty) . (7) 
®0 
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En partant du systeme fondamental (5) et en lui appliquant la méthode d’ orthonormalisa- 
tion de Schmidt, avec le produit scalaire (7), on trouve une base orthonormée {£) . 


Les avantages statistiques de l'emplci des bases orthonormées sont bien connus : non 
corrélation des valeurs estimées, facilité de l’ analyse de variance, replacement de la 
distribution de Fisher-Snedcor par celle de Student, qui est robuste, etc. Du point de 
vue numérique, on évite les inversions de matrices, et un méme systeme de coefficients 
permet de trouver tous les ajustements partiels’, 


Nous avons encore profité de la soupiesse qui résulte des bases orthonormales pour 
compléter {€} par un terme d’alarme £, . Ce terme est choisi de facon a ne pas @tre 
solution du systeme (4). Si ]’ analyse de variance conduit & lui attribuer un coefficient 
significatif, cela indique que 1’ intervalle (ty, ty) est trop long. 


Les coefficients co, des $, s’obtiennent @ partir de la composante (.. de & (qui 
correspond a ¢, dans {) par les formules classiques 


¢ 5 <She Sor? . (8) 
leurs variances etant egales entre elles et égales a celle des erreurs de mesure. 

L’ estimation des coefficients de Ce présuppose qe l'on s pu préalablement décosposer 
be en Sop et Cy, . Pour ce faire, nous employons la méthode des “fonctions modulantes’’. 
En effet, de l’équation qui definit { , on peut deduire € , en appliquant aux deux 
membres une fonctionnelle linéaire continue convenable, que nous representons au moyen de 
la formule de Riesz. Mm obtient ainsi l’expression suivante pour l’estimateur de € : 


‘ <p? (pb? + 2a, Y> 
é = 20 es : (9) 
<p°a,&> 


ou @ est une fonction qui satisfait certaines conditions aux limites. C'est a qui 
constitue la “fonction rodulante’® >“. 


Mm choisit @ par la condition de minimiser la variance de é. ce qui conduit a 
l'équation differentielle du l0eme ordre sur a, 


D6(D? + Yyta = pe, (10) 
avec les conditions eux limites suivantes: 


a(t.) = a(t,) 


2 


al"'(te) = 0 


ay 


Qlty) = a’ (ty) at" ity) Oo}. 


Connsissant l’estieation © du déreglage, on obtient 1’ estieation bs de * en 


intégrant l’équation avec second membre qui définit i. & introduisant les conditions 
aux limites convenadles, on trouve 


: € : i, | 
me fie sin ngtt-tyy} [re-romcey-necy] a2) 
8 


ou H désigne l’schelon unite et . le convolucion. Dans ces conditions, 1’ estimation 
de 3,, s’obtient par soustraction: 


gop ft) = Bett) = Celt. (13) 
Creat cette fonction {,, qui permet de calcuder les coefficients co. per (8). 


On obtient finalemen: ls representation cuivante de l’erreur { : 
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5 
Set) = 2” Speyctd + syp(t) aa 
he) 


On déemontre que la variance d’estimation de S(t) est donnee par 





a? 5 <p>(D? + 12)2,p7(D? + .2)y2> 
HO 2 Dis Siti (35) 
S$, — »2 
a hei <D°a,c> 


oF etant la variance des erreurs de mesure. 


5. RESULTATS 


Les idées genérales qui viennent d’étre rapidement exposées ont ete dégagees peu @ peu 
au fur et a mesure que ies dunnecs experimentales devenaicnt disponibles en France. C'est 
grace aux remarquables campagnes d’essais entreprises par le Service Technique Aeronautique 
que nous avons pu eprouver la validite des conceptions theoriques. 


3.1 


Ainsi, un essai preliminaire effectue en 1964 a permis une premiere verification d'un 
modele singulier ne coaprensnt pas la partie ., due aux accélérations du vehicule. La 
Figure 2 montre le resultat obtenu. L’ajustement s'étendait sur une duree de 2000 s. 
l’échantillonnage se faisant a la cadence d'un point toutes les 100 5. Les points eaployes 
pour l’estimation des coefficients portent les nuseros 0 a 20, et les points suivaits 
correspondent @ l'extrapoletion. Pour chaque point a partir du 2leme, la croix indique la 
valeur mesuree et les cercles les valeurs extrapolees. Le chiffre indique au-dessus donne 
le rang du dernier terme du developpement employe. L’ analyse de variance indique qe les 
termes de rang }, 2, 3 et 4 sont significatifs mais celui dv rang S et le terme d' alarme 
(range 6) ne le sont pas. On voit que l’extrapolation est nettement ame lioree quand on 
ajoute le tere de rang 4. Le terme de rang 5 inon significetif) n’ajoute rien. Vais le 
fait remarquable, c'est que ai on introduit le terme de rang 6, (‘extrapolation derient 
aberrante. Ce phenomene eat di ace que la fonction <, n'est pus solution de 1’ Equation 
(4). 


Cet exeaple est interessa.t, car la fonction {, a ete obtenue en ajoutant a le suite 
(5) ua terwe cubique t? . Or, on peut cansidérer que les termes 1, t, t! et t? constitu. 
ent le debut d'un developpement de Taylor qui perecttrait de serrer la realite de plus pres 
& mesure que des termes sont rajoutes. Ce serait le can ai l'erreur , correspandait a 
un modele ségulier, car il ne saurait pas étre défini par une equation differentielle a 
coefficierts certains. Or, on voit qe l'augeentaiion du degre du deve loppement o’ agporte 
aucune em lioration, et qe si on le pousae au degre 3) (5,) , 1) devient aberrant. Donec, 
le terme vn t? (apporte par 33 ) heat pas incorrect, main celui en 1? ert complete - 
ment faux, Cette circonstance @ gontre que l’ evolution de l’'erreur *  obett bien au 
wodele sinpulier propose. 


3.2 


Depuis, d’ autres essais ont ete realises, qui ont sontre le besoin de twnir covste de 
Laccéleration du vehicule. Cest ce qui a conduit a introduire le terme °. . te modele 
plua complet n'a pas encore ete essaye®. Les easais realizes sontrent que lorsque le 
mouvement est @ peu pres rectiligne et uniforme. l’eatrapolation est excellente. Wain 
lorsque des accelerations sont presentes, l'estrapolation devient iamediatement fausse. 
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Les courbes de Ja Figure 3 montrent des exemples d’ajustement sur des segments ou le 
mouvement du vehicule etait a peu pres uniforme, suivis de virages. On voit que l’extra- 
polation est correcte jusqu’au moment des virages, mais qu’apres l'erreur devient con- 
siderable. 


Les courbes de la Figure 4 montrent ce qui arrive quand l’intervalle d’ ejustement 
contient des accélérations. L’estimation conclut &® l’existence de termes en t? 
(coefficient de an significatif), alors que ce terme est pratiquement absent. Ceci 
est di aux accelerations qui, a travers le terme 3, dont il n’a pas ete tenu compte, 
deforment la courbe [(t) . 


On voit ainsi qu’il est necessaizve de tenir compte de l’infiuence de l’ acceleration. 


Les résultats experimentaux analyses jusqu'a present, bien que ne faisant pas usage du 
modele complet (14)%, cnt aontre que )a plus grande partie des erreurs pravient du 
desaccord de la centrale et non de l’'eloignement initial. C’est en analysant ces resuliats 
que nous avons éte conduits a completer 3. par le terme <, . 


6. ADDITIF 


Des essais recents ont ete eftectues apres }’ introduction du terme 3 de dereglage de 
periode. Un exemple caractsrixtique est fourni a la Figure 5: on peut y constater une 
variation rapide de tz pente des erreurs a@ l' instant d'un virage brutal effectue par 
Mavion, ut pissogene du genre ne peut eviderment pas étre décrit par tes termes du aodele 
os. - #2 El correspond @ un dereglage de periode de 1.2%. Les veleurs prises per 4, upres 
ve Virage atteignent § ke. +t contrent l' importance de ce terac. 


L'ensemble ces resultats obtenus avec le modele (14) ceaplet a toutefois ais en evidence 
la presence d'un residu d’erreur fonction de Macceleration du véhicule, ce qui conduit & 
envisager }° influence de termes tela que lex balourds des gyroscopes de verticale et la 
derive du gyroscope d’azisut. Cect confiree l'opinion caprisee par le Dr Frey que le 
wodele (14) etait incoapjet et qu'il f. drait tenir compte des dalourds. 
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SUMMARY 


The paper deals exclusively with digital computing techniques. The 
dominance of digital computing techniques in the inertial field is now 
almost complete and a resumé is made of the reasons leading to this situa- 
tion. 


However, there is a very wide range of digital computing techniques avail- 
able and for the purpose of discussion these are divided into three broad 
classifications: 


(i) General purpose computers 
(ii) Digital differential analysers 
(i111) Special purpose computers 





Fach of the classifications is taken in turn and the merits and disadvan- 
tages are discussed. The technical merits of the computing system itself, 
however, are not the only consideration, and many other influences may affect 
the final choice. 


Finally, a survey is made of some typical systems and the probable reasons 
leading to their particular configuration. An attempt is made to forecast 
the future trend in the light of present day inertial system requirements. 
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FACTORS INFLUENCING THE CHOICE OF 
COMPUTER FOR AN INERTIAL NAVIGATION SYSTEM 


P. Wilson 


1. INTRODUCTION 





The dominance of digital computing techniques in the inertial field is now virtually 
complete and this paper deals exclusively with the various digital techniques available. 


The overwhelming advantage of the digital computer is, of course, the achievement of 
consistently high computing accuracy over extended periods of time without the inherent 
errors which necessarily occur in analogue computing such as variations in scale factor, 
calibration drifts and similar instrumentel errors. It is significant that, whereas the 
first inertial navigation systems used in missile applications having relatively short 
flight times could satisfactorily rely upon analogue computing techniques, as these systems 
have become more widely applied to cruise vehicles, digital computing has steadily 
replaced the analogue approach. Indeed it is probable that without the inherent and con- 
stant computing accuracy available with digital techniques, it would rot have been possible 
to mechanise inertial navigators for modern day long-range aircraft without excessive 
penalties in weight and cost. 


From a practical point of view, in the wide-scale application of inertial systems, the 
relative freedom from maintenance problems and the improved reliability given by the 
digital approach is a factor of great importance. 


Of nearly equal importance is the ability to use the digital computer to mechanise 
complex mathematical relationships. The most obvious example is the use of the digital 
computer to provide a trans-polar flight capability by one of several different means, one 
of the most widely used being the wander azimuth mechanisation. Another example is the 
compound navigation system in which the DR position derived by the inertial systems is 


continuously compared with, and sometimes corrected by, the position outputs of other 
navigational aids. 


In considering the various digital techniques available it is convenient to divide them 
into three broad classifications: 


(1) General purpose computers. 
(ii) Digital differential analysers. 
(111) Special purpose computers. 


2. DIGITAL COMPUTING TECHNIQUES 


2.1 The General Purpose Computer 


In this context “general” implies a generalised method of handling the IN calculations, 
rather than the use of a computer suitable for instant application to other problems. 


This type of computer makes use of a central processing section capable of arithaetic 
operations and certain decision functions, and under the control of a stored inatruction 
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sequence. A simplified block diagram is shown in Figure 1. In this type of computer, 
calculations are performed on whole numbers, usually represented in binary notation, 

and calculations are performed sequentially according to the instruction sequence. Where 
calculations are performed on basically analcgue or incremental data and smoothly varying 
outputs are required, the input data must first be calculated to whole number form, and 
the calculations must be repeated at a sufficiently frequent interval to give the output 
resolution required. 


There are three main variables in the design of a general purpose computer which are 
relevant to its choice for an IN system. Firstly, the number of digits in the computer 
word has a direct effect o1 the calculation accuracy. For most IN applications a word- 
length of 18 binary digits is adequate but various expedients can be used to extend the 
accuracy of calculation, thus allowing a shorter basic wordlength to be used. Secondly, 
the capacity of the computer memory governs the length of the programme (instruction 
sequence) which can be stored and the quantity of present data available to the programme. 
Additional capacity can usually be provided quite cheaply and may tempt the designer to 
extend the use of the computer to functions other than navigation; however, other con- 
siderations, such as integrity, usually rule against this. A memory capacity of 2000 to 
3000 instructions is usually sufficient for a typical navigation problem. Thirdly, the 
speed of the computer is related to the repetition frequency of the instruction sequence 
and to the number of instructions which may be obeyed in that sequence in a given time. 
Unless other functions are to be performed by the computer, the speed requirements for 
inertial navigation are usually quite low and seldom present a major problem. 





From the inertial system designer's viewpoint one of the main advantages of the GP 
approach is that he will probably have available to him an existing design of computer 
with a known performance and reliability record and will thus be able to avoid the heavy 
financial burden associated with the design and development of a computer specie) to his 
requirements. This advantage may, however, be offset by the fact that as a rule most GP 
computers have a store capacity of 8000 words or more, which is significantly in excess 
of the 2000 to 3000 words required for the basic navigation functions. There is naturally 
a higher manufacturing cost associated with this size of computer and it is therefore a 
matter for careful judgement as to which is the most economical solution overall. In 
recent years the tendency has been for the requirements of the IN system to increase 
(storage of waypoints, computation of great circle course and distance to go, steering 
Outputs to autopilot) which favours the GP machine. Indeed, this ability to cope with 
changes and additions to the original requirement specification is perhaps the second 
wost important advantage of this class of computer. 


A disadvantage often encountered is the sometimes extensive conversion circuits neces- . 
sary to convert output signals to the required electrical forw: (usually analogue). This 
problem can often be avoided if the computer is tailor-made .or the application, as is the 
case with the special purpose type of computer. It is expected that, with the wider 
application of digital] techniques to other avionic equipment, this particular problem will 
disappear. 


2.2 The Digital Differential Analyser 


Unlike the general purpose computer, the digital differential analyser grows with the 
size of the problem. In operation, its aajor difference is that it computes incremental 
changes to quantities rather than changes to the whole values of the quantities theaselves. 
Ite use, therefore, is limited almost exclusively to sums on continuous variables and, 
because of the method of mechanisation, to time-dependent variables. 


The basic computing process of a DDA is one of counting, or of incremental integration. 
as shom in the block diagram (Fig.2). In mathematical terms, «@ problem is broken down 
into equations of the form dz = ydx , where x.y, and z are all time-dependent vari- 
ables, and incremental quantities are represented by pulse trains synchronised with the 
operating cycle of the computer. Addition and subtraction of pulse trains are possible: 
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Multiplicatien and division can be pes forse? by mathematical sanipulation. So@e sisple 
decision functions are usually available. but they are much more clumsy in operation than 
the equivalent functions in a general purpose computer. 


There are two main types of DDA, the parallel and the serial. The parallel DDA has 
separate hardware for each incremental integration performed, and is therefore very nearly 
the digital equivalent of the conventional analogue computer. Its logic is fixed by means 
of physical interconnection of integrators and it is rather rigid in its operation. The 
serial DDA is more closely related to the general purpose machine. The parts of the serial 
DDA concerned with arithmetic and control are time-shared in a sequential series of 
operations on stored data. In one cycle, one complete iteration would be performed. The 
sequence of instructions is usually stored along with the dsta, and in some machines the 
interconnection of the integrators may be stored likewise. This makes its operation more 
flexible than that of the parallel DDA, but nevertheless it is more clumsy than the gen- 
eral purpose computer and is strictly limited in the type of problem it can solve. 


The word length and speed of operation of a DDA are related to the accuracy and smooth- 
ness of output in much the same way as the general purpose computer. However, besides 
smoothness, one must consider the rate of change of variables and ensure that the maximum 
rate of change expected is within the speed capability of the DDA. This is because 
transitions from one value to another must be based on incremental changes of limited step 
size and frequency, as compared with the GP computer which recalculates on the basis of 
the whole number value of new data each cycle. 


The main value of a DDA is its ability to tackle small problems efficiently and its 
convenience when used as an extrapolation device where simplified functions within the 
capability of the DDA can be used over very limited periods. Its disadvantages are the 
difficulty in programming large problems except on a very sophisticated machine, its 
inflexibility, and drift problems arising from the impossitility of representing exactly 
many commonly used fuactions by incremental equations. 


In summary, therefore, the DDA type of computer is suitable only for those applications 
where the system requirements in terms of facilities and outputs are small in number and 
not likely to change. In view of earlier comments on the tendency for requirements to 
increase and the desire of the system designer to retain flexibility to cope with additions 
to the initial requirements, the DDA approach is losing most of its former popularity. 


2.3 The Special Purpose Computer 


Any computer designed to perform a particular function can be considered to be a special 
purpose computer. However, here the term is used to describe computers that are neither 
purely general purpose nor purely digital differential analysers, but may include some of 
these techniques and others, including counting and pulse modulation. 


It is not proposed to dearribe any particular special purpose computer, since each 
design is likely to employ cifferent principles. 


The advantages of the special purpose computer are the fact that it can be optiaised 
both overall and in local areas of calculation to eaploy the most suitable comput ing 
techniques, accuracy and speed for that perticular part of the problem. This can take 
into account the form of input data and types of output concerned and vill minimise 
specialised interface circuitry required. 


However, the adoption of a special purpose solution results in a non-standard device, 
both at unit and at computing element level. This brings with it economic disadvantages 
compared with an equivalent size stendard sachine and inherent difficulties in maintenance 
and testing. 














The special purpose computer therefore presents @ good solution to the preblem from a 
cost-effective viewpoint 1n cases where the computational problem is not too cempict. A 
good example of this is a system which requires only outputs of latitude and Jongitude. 
As the req irement for addicional outputs and facilities is increased, this advantage 
rapidly diwinishes. The summary applied to the UDA class of computer is therefore appro- 
priate here also, and the lack of flexibility of the special purpoze machine is probably 
more restrictive than that of the DDA. 


3. FUTURE TRENDS 


It already seems clear that the size of the IN computing problem (ARINC 561 being a good 
example) has reached the point where the DDA and special purpoee computer Approach can 
show little or no cost advantage over the GP machine (see Figure 3). From its very nature 
the general purpose computer can be expected to find wider application in avionics as well 
as in other fields and this will do much to reduce both manufacturing costs and amortised 
development charges. With the growing use of digital techniques within other avionic 
systems, the general purpose computer offers an increasingly useful method of distributing, 
combining, and comparing information between different parts of the aircreft in a common 
signal format. The advantages of this rationalisation of signal transmission have already 
been recognised and valuable work is going on within ARINC to attempt to establish a 
common digital signa] transmission format for an increasing number of types of information 
within civil aircraft. Application of this technique will permit very significant simplifi- 
cations and weight reductions in aircraft cabling. 


In addition, the greatly superior flexibility provided by the general purpose cowputer 
is of inestimable value. It provides the ability to accommedate changes to the require- 
ment specification, it enables the designer to supply basically the same hardware to 
applications having different requirements and, from the overall systems aspect, it makes 
possible the engineering of redundancy modes in a very practical way. 


For the reasons already outlined, it seems likely that future inertial navigation 
systems will concentrate cn general purpose computers. For reasons of integrity, it does 
not seem likely that these computers will be large single unite, with an extensive aesory 
capable of carrying out many other functions additional to the navigation system. Such a 
system concept poses many orgeanisaticnal probleas, even if the safety requirement is pet 
by ea duplicate computer installation. Furthermore, with laree computers of 16,000 words 
or more capacity, the system capability is no lorger limited by the storage capacity of 
the computer but tends to be restricted by the time taxen up in the computing cycle. 
Programming techniques have been developed to alleviate this problem, but they involve a 
wore coaplicated prograame which is difficult to change in the liaht of operations) 
experience, 


In the past, the high cost of general purpose computers has necessitated their use for 
a nupber of different tasks in order to “justify” their cost. However, the rapid reduc- 
tion in computer costs, arising from their wider application and from the introduction of 
sicroelectronics now makcs it possible to manufacture “single task” G coaputers at costs 
competitive with the “large” computer ryatus. 


Such single task “minimal” computers vil) have eo relatively saall storage capacity of 
around 4000 words, and wil} have a short word length arcund 12 bits, eapicying double 
length working where higher eccurecies are required. fe ceuse the computer eill be res- 
tricted to a single task, the speed limitation. of the larger computer should aot intrude 
anda %s peralle} store will probably be quite adequate. 


The future envisaged is that a standard generai purpose computer in this “sinieel” fora 
will be the basis of most inertial navigation systees. It ‘8 expected that the seme 
sechine will then find wider epplication to other single task functicns suct ee air date 
systeas, sutupilots, engine control and genera) flight asnagenent probdleas. 
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Fig.1 Block diagram of a simple general purpose macaine 





Fig.2 Basic DOA integrator Fig.3 Single computer econoaics 








Pig.¢ The MCS020N digital computer for sirborne control 
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Fig.6 Airborne display unit 
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SUMMARY 


The performance of inertial navigation systems can be improved by using 
additional or redundant data from various sensors. Several methods are 
evailable to update the inertia] navigator, reaching from pure resetting 
to optimal filtering. These methods, their possible implementations, their 
different influences on the behaviour of the system, and the resulting errors 
are described. 
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OPTIMAL USE OF REDUNDANT DATA IN INERTIAL 
NAVIGATION SYSTEMS 


F.G.Unger 


1. INTRODUCTION 


Accurate and reliable navigation is a very stringent requirement for military aircraft, 
The required outputs from a navigation system are position, velocity and orientation of 
the sensors and the vehicle with respect to a navigational coordinate system. A pure 
inertial navigation system can provide all this required information, but the errors of an 
inertial system are not bounded, i.e. they increase with time. Therefore, with large 
mission times, the errors can become intolerably large. Other methods of navigation, like 
Doppler dead reckoning, radio, stellar etc. can provide only part of the information 
required, but with bounded errors in velocity or position. A navigation system that ful- 
fils a wide variety of requirements for relatively long mission times will, therefore, be 
a@ combination of an inertial system with other navigational aids. 


This paper presents the different methods of aiding a pure inertial system with addi- 
tional or redundant navigation information. The available sensor outputs are categorised 
and a general block diagram for navigation systems is derived. The pure inertial system 
in a Schiiler-tuned mode is included in this block diagram as a special case. The use of 
redundant information in a conventional way, by proportional or integral feedback, is 
then discussed. The last section describes the use of a Kalman or minimum variance filter 
to update the navigation loops. 


2. GENERALISED BLOCK DIAGRAM OF NAVIGATION SYSTEMS 


The central element of a navigation system is the navigation computer. Its inputs are 
data from sensors, such as inertial acceleration, ground speed, air speed, heading, posi- 
tion information, stellar angles, etc. These data may be continuous, in analogue or 
digital form, or intermittent, like ground fix points. The computer has to calculate the 
required navigation outputs: position, velocity and orientation of the sensors and the 
vehicle with respect to a navigational coordinate system. In addition the computer must 
also compensate for sensor biases and calculate torquing commands for platform gyros or 
positional servos for stellar or radar equipment. 


Figure 1 shows the possible inputs and required outputs of a navigation system. 


The sensor information available, as well as the computed output data, can be classified 
into three levels. They are: 


Level 1: Acceleration 
Level] 2: Velocity 
Level] 3: Position and Orientation. 


Orientation belongs to the same level as position, because angular measurements lead to 
position information and both data complement each other. Furthermore, in a rotating 
coordinate frame, orientation angles can be derived by integration of the angular rate 
veccor @, just as position is derived by integration of the velocity vector ¥. 
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Figure 2 shows the three levels and the equivalent inputs. 


Information gor a higher level can be derived from a lower level by integration; but 
it is generally not possible, to derive lower level information from higher levels by 
differentiation. 


The information in each level is a vector in the navigation coordinate frame except 
for orientation, where the informatfon is in the form of three angles or the direction 
cosine matrix (M) for possible coordinate transformations. 


If the navigation frame is rotating with respect to inertial space, corrections for 
acceleration must be included. This can be done by writing the basic equations as 


(=) Bunt “s 
=a = at &, 
dt 1 
dR St. ssh fos 
— = V+tWxR (2) 
dt I 
_— —| +W x + QwxvtWwx wr 4 
at? /, dt ae 


where = position vector 


= time derivative of R with respect to inertial space 


Sn 
S| Si = 


“ 

a)e 

et] sol 

2 ee 
" 


Vv = time derivative of R with respect to the navigational coordinate 
frame 


@ = rate of change of navigational coordinate system with respect to inertial 
space 
@ = thrust acceleration vector 
&, = vector of mass attraction 
ae dv 
b 7 at = total acceleration in navigation coordinates. 
N 


Substitution of Equation (3) into Equation (1) yields 


. 
_ -_ _ 


B= @+Q- Ox R- 2x V- ax xR), (4) 


Equation (4) shows that the following corrections are required on the acceleration level 
in addition to the thrust acceleration: 


1, Acceleration due to mass attraction: @, 


2. Coriolis acceleration : gory 
3. Tangential acceleration : Oxf 
4. Centripetal acceleration : @e eh. 


If the sensitive axes of the sensors do not coincide with the axes of the navigational 
coordinate system, the sensor outputs must be transformed, using the orientation matrix 
ql). 











oe nn — 


pages, 


ag oS mn can er we Sl 
ee 


degree teint nite ET oe 


131 


Figure 3 shows a general block diagram of navigation systems including the corrections 
for @ rotating frame. Redundant data may enter the system at levels 2, 3a and 3b. The 
problem of how the redundant data are used within the level blocks is discussed in Section 
4 and 5. 


3. ERROR BEHAVIOUR OF PURE INERTIAL SYSTEMS 


In a pure inertial system thrust acceleration represents the only input informaticn 
measured at the first level. In most cases the input axes of the sensors sre directed 
parallel to the axes of the navigational coordinate frame. If this is not the case, a 
coordinate transformation is necessary. 


Figure 4 shows the block diagram of a pure inertial system used for navigation over 
the surface of the earth. In this case the velocity V of a vehicle is defined as the 
rate of change of the vector R with respect to the earth. (Vv = dR/dt! ,) . Therefore, 
instead of Equation (4), the following is now the relation for acceleration corrections: 


av > ~ ~ a —~ ~ = ae 
- (2) = ate -2% (Qe R)-(2N+pP) xv, (5) 
ath, 


where earth rate vector 


Dt Dl 
( 


it 


ws 0 = rate vector of the navigational coordinate frame with respect to 
an earth-fixed frame. 


As can be seen from Figure 4, a feedback loop exists, owing to the gravity vector ¢. 
i.e. the system is capable of oscillating. The oscillation occurs with the Schiiler period 


waft) 


The error behaviour of a pure inertial system in a Schiiler-tuned mode is now discussed. 


Figure 5 shows the error block diagram for one horizontal channel of such a systes. 
The errors considered are accelerometer bias, gyro drift, and azimuth misalignsent. 


The following notation is used in Figure 5: 


tM 


Ax computed ve,ocity error in x-direction 
Sx = computed post‘ion error in x-direction 
x-accelerometer bias 

fixed drift of the y-gyro 


y-component of the error angle vector betaeen the navigational and pletfore 
coordinate frare 


%, = z-component of the error angle vector between the platforr and computer 
coordinate frame (azimuth misalignment). 


ad 


eo 
— 
te 


«? 
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The velocity and position errors, as derived from Figure 5, are 


ae fy te) (6) 
a4 


An : s8, - ole, * Gyw,) 
a(s? + uf) 


(T) 
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The characteristic equation (denominator of Equation (6)) is that of an undamped oscilla- 
tion with Schuler frequency. For constant sensor errors, the mean value of the velocity 
error is 


P A 
Ax! ., = - ley tay). (8) 
8 


The position error constantly increases with time, 
Ax| + 2d, (9) 


The unbounded position error is due to gyro drift and azimuth misalignment; accelerometer 
bias does not cause an unbounded position error. 


4. UPDATING METHODS AND RELATED ERROR BEHAVIOUR 


Although Schiiler-tuning is of great importance in navigation over the surface of the 
earth, it has been shown that for longer mission times the position errors can become 
intolerably large, especially because of gyro drift and azimuth error. To avoid this, the 
pure inertial system can be aided with additional or redundant navigation information 
from other scurces. Continuous or discrete data available for the navigation computer may 
be of level 2, 3a and 3b. No additional information on le:el 1 is available, because we 
do not know any other method of measuring acceleration except by inertial means. 


Accordingly, we distinguish different kinds of aided systems: 


1. Velocity aided systems (redundant dats at level 2). 

2. Position aided systems (redundant data at level 3a). 

3. Stellar monitored systems (redundant data at level 3b). 

4. Stellar monitored and velocity damped systems (redundant data at level 2 and 3b). 


The additional or redundant data can be of intermittent nature and used to replace the 
computed data at certain time periods. If it is always available, it can he continuously 
compared with the computed information: the difference signal, eultiplied by various gains 
K, . can be added to the accelerometer output signals or the gyro torquing commands either 
directly or over additional] integratora. If the difference or error signal is introduced 
at the next lower level, it ia used to damp the oscillations of the system. If it is 
introduced at the same level] inside the Schiller loop, then the frequency and amplitude can 
be changed. If additional integrators are used, sensor biases can be compensated. 


Figure 6 shows the x-channe! of a Schiller-tuned systes and the sechanisation cf the 
different updating sethods. 


These methods are now discussed in pore deteil. if Doppler velccity is available as 
redundant information. The Doppler velocity signal cannot very eel) be used to reset the 
inertia] velocity signal directly, because of its high noise level. The direct resetting 
wethod is not very useful and is only feasible if angular neasurements or position fixes 
are available. 


As Pigure 6 indicates, the difference sianal can be used to provide three different 
correction signals, C,. C, and C,, into the Schiiler loop. 


The first signal C, , the difference signal auitiplied by the gain factor , , is 
added to the accelerometer output. This provides damping of the Schiller oscillation. ‘The 
second signal C,, the difference signal sultiplied by the gain fector K,®, has an 
iafiluence upon the oscillation frequency dy adding it to the gyro input. The third input 


C, provides compensation for sone steady-state errors of velocity by introducing an 
additional integrator with gain K,/R. 
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Assuming that both sources of velocity information - the computed inertial and the 
measured reference velocity - are subjected to errors, the three corrections corresponding 
to the x-channel error block diagram can be written as follows: 


Cry = -Ky (Voy - Vpz) = -K, (Ox - Bv,) (105 
K K e 

C4 = 5 (vex ~ Vrx) = na - vy) ( 
K, s K, ‘ 

C3, = R (Vey - Vry) dt = R (Ax > ovy) dt, (12) 


where Ax and v, represent the errors of the computed inertial and the measured 
Doppler reference velocity, respectively. 


Figure 7 shows the x-channel error block diagram of the Doppler inertial system des- 
cribed. 


The transfer functions of the velocity and position errors can be derived from Figure 
7 as follows: 


8°B, - BE (Ey + Oy.) + [af(K,8 + Ky) + 6°, ]bv, 


Ai = (13) 
8° + Kis? + (1 + Kus + Kyu? 

Ag = 2 Bx 7 86(Ey + Gyve) + [agik,s + Ky) + 8°K,)by, a 
sis? + Kis? + (1 + Kags + Kye] 

dil, = bv. (15) 


Equations (13) and (14) can be used to evaluate the velocity and position errors for 
different velues of K,, K, and K, , or to obtain optimal values of these three gain 
factors. The steady-state velocity error now contains the reference velocity error dv 


only (Eq. (15)). The fixed gyro drift and aziauth error are compensated by the additional 
integrator. 


Figure 8 shows, as an example, the time functions of the velocity error due to gyro 


drift for the pure inertial system (K,= K, = K, = 0) and for the different methods of 
updating (K, #0; K, and K, #0 and K,. Ky K, 40). 


So far constan? errors (biases) have been discussed, but in sany cases the errors are 
aut constant, but rather stochastic processes characterised by their autocorrelation 
functions 6,(7) and their spectral density functions ¢(«) . Por linear, non-time- 
varying systems, the statistics of the output signe] y(t) follow directly from the 
time-independent statistice of the input signal x(t) . The sean value of the output 
signal is sero if the mean value of the faput signal is sero. The average value of the 


square of the output signal, the time-dependent variance oy(t) , can be computed by the 
following expression?: 


t 
Fry 7 [ 7, )e7 17, - 7,1) ar iar, (16) 
ove 
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c+jm 
where @(7) = —— G(s)e""ds = system impulse response 
ee 
G(s) = system transfer function 
P,(I71) = input signal autocorrelation function. 


If the input signal is white noise, the autocorrelation function is given by 


Px(I7,-7,1) = Aad(I7,-7,15 . (17) 


Equation (17) substituted into Equation (16) yields 


2 
o 
yb) 


tet 
[T (7 ,)e(7,)Ad(IT,-7,1) a7 a7, 
ovo 


t t 
af &(7,) arf g(7,)5(I7,-7,1) d7, . 
0 0 


The inner integral can be evaluated by using the distribution property of the 5- function 


t g(7,) for 7, in [0,t] 
| g(7,)5(17,-7,1) aT, = (18) 
0 0 for 7, not in [0,t]]. 


Uning Equation (18), the expression ‘or 97), becomes 
t 
0 


If the input signal is bandwidth limited white noise with autocorrelation function 


= elels> 
e,(I7ly = ose s 


2 ; (20) 


Equation (19) can also be used if 7, is small compared with the system time constants. 
Equation (20) can then be approxisated by 


e(Irly x aryosdery (22) 


and the output variance yields, in this case, 
t 
Ry * rei wy ar. (22) 
0 


fmother method of determining the steady-state value of the variance o? , if it is 
- y(t) 
convergent, is given by the following expression’: 


- 
1 
i Fit) = [ dy (aw) dw. (23) 
“eo 


‘The output spectral density function is given by 


dr = lagarl? dem. (24) 
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For bandwidth limited white noise, ?, can be evaluated from the approximated auto- 
correlation function p, (I7h) cf Equation (21): 


+m 
P, (@) = [ excited" dT = a7 oO; (25) 
-@ 
Equations (24) and (25), when substituted into Equation (23), yield 
1 *r 
trea yt) = (274%) = | lorie]? de. (26) 
-@ 


It should be noted that Equations (23) and (26) can only be used if G(s) has no poles 
on the imaginary axis or in the right half-plane. A pure inertial system in a Schiler- 
tuned mode is undamped, .... :{ .as peJes on the imaginary axis. his means that the 
effect of noise inputs must be calcuJated according to Equations /16) or (22). 


As an example, the variance of the velocity and position errors due to a white noise 
Doppler input error ®v, for a damped system are now calculated. 


The transfer funct‘ons for ¥, = K, = 0 are 


¢ ts (27) 
ca (8) 8? + Kis + wi 
G(s) = mi (28) 
ox a + Ks +ar 
1 8 . 
Firat, Equation (26) is used: 
1°? 
obs = 2%, he long doy]? dee 
-@ 
cr at 
. 27 syy ols aI (at taty? «Rte? aad 
= ar, ot NI cost arctan RE HeRD) 
7 Se, “Sy 
“Thy ohy, K, (29) 


2 os al reer, 
Mon 2759, obey n | (a2 ay? + Kia? 


se 


Tov, ob, K, z 
of 


Now Equation (22) ie used to determine the tise-dependeat variances. 


(30) 
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The system impulse responses become 


Ky 


Bag(t) = Kye7K1/2)8 cos wt - se inet = Bax (t) (31) 
0 
Ky oe (Ky /2yt 
Bag (t) = — eM 1/2)8 sin art , (32) 
wy 
where aw = } V7 (du? - Ki‘). (33) 


The desired time-dependent variances are ubtained as follows: 


t 
2, = 2 2. 
ong (t) = 27 5y, oye f Ro5 (7) d7 


Jo 











2 2 2 2 aye 7) u 
ater) = 27 8ex Cova Bi elie YR) opt | eon” feta Aes 
= ow, (dap + x‘) a 2K, 8a,K, 
quz + Ke K* + 4a%K? 
- ——— sin 2u,t - +——>+ cos aa (34) 
4 8u,K, / 
t 

2 os epee 2 
Fen (t) = 27 gy, ch | Bug (7) Or 

aT ey, oF, KP ow aul + K? 
oA (ty = pedis me Rit 8 + sin tut - 

aiy(4eg + KI) | My 2K, 


K, 
%, cos 2uyt ) » 38) 


1f K, is swall compared with a, . the following approtieetions for 77, (t} and 
of.(t) result: 


Tag(t) = Tey, fy Ry Cr - oot) (98) 
2 T yey Thy Mi “nyt 
Tytt) =e RB + eoFI*). (37) 


Squations (36) and (37) show that the “f! lteriag” of the Doppler noise through the 
inertial aystee depends largely on the gaie factor K,. Alec, the tise constant for the 
variance of the velocity and the position error ere inversely proportional to K,. These 
fects give additional criteria for K,. If €, and &, are also #0, it is difficult 
to obtain a closed-form solution of Equation (22). In this case « computer progreame way 
be necessary to evaluate the integral and to obtain criteria for the values of K, end ft, . 
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5. LINEAR OPTIMAL FILTERING OF REDUNDANT DATA 


The updating mechanism described in Section 4 used a deterministic approack. ‘The 
advent of very powerful navigation computers made it possible to retrieve more of the 
information contained in the navigation measurements by applying statistical filtering 
techniques. 


In this section the optimum estimation problem of the state variabies of aide’ inertial 
systems is discussed. For the optimum estimation a so-called Kalman or minimum variance 
filter is used to derive a “best” estimate of the system state, that is, optimum use is 
made of all available information in the least-square cense. The properties of such 
filters can be summarised as follows: 


The filter estimates the errors of the system state varietles. 
The estimate is based upon statistica) data cf error measurements and state variables. 
The filter formulae satisfy minimum variance criteria for al) problem parameters. 


The formulae implemented ure recursive. This means that the optiaum estimate for the 
time being can be computed from the previous estimate and the current observation 
without recourse to earlier estimates or observations. 


The recursive formulae are wel. suitable for computaticn on digital computers. 
The basic method of using a linear optimum estimation filter i. shown in Figure 9. 


The two upper blocks in Figure 9 repregent a pure inertia! system. The navigation 
equations are eechanised in the navigstion computer in the conventional way, Compensation 
for sensor bias may be included in the navigstion eqations. - 


The information available in the navigat:on computer i3 compared sith reaundant ezternal 
data. The difference ia the measurement date vad in the filter to improve the estimate 
of the errors of the syatea. : 


These error estimates of the filter may be used sither for updating of the nevigat ion 
tnforwation and thus for correction of Inertial Meesuring Unit (IMU) errora (closed-)oop 
operetion), or for isprovement of the error sodel (open-lonp operation) or both. The 
block “controller” regulates this operation. 


Because some of the errors of an inertial system are unbounded, closed-loop operation is 
necessary in all cases where inertial eysteas are used for longer aisy‘on duration. 


The derivation of the Kaleem filter equations is omitted, because it ie ¢’ven in the 
literatcre’**. Their dDasic elesents are now discussed. The system can be described by a 
set of linear, first-order differential equations, eshich way be eritten in mtrian satation 
es follows: 


ACTIA(G) © Wit) (38) 


Y a(t) *w(ty. (39) 


Equation (38) describes the error propagation of # inertial navigator with N(t) 
being the forcing function, representing & white noise process. This set of <quetions 
can be obtained by expansion of the error equations ebout the indicated position, velocity 
and orientation of the savigator. Equation (39) is the eeasurement equation. It relates 
the values of the error state vector to the measufement date. v(t) represents the 
eeasurement noise. 
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Since coutinuous equations ere not suitable for computation on digital computers, it 
is necessary co transform Equations (38 and (39) into the discrete form 


where X 


My 


VK 


Xara = Proin Xm + Dy (40) 


Y =" MYX, + (41) 


system error state vector at time t, , containing velocity, position and 
platform angle eirors, error contributing parameters like gyro drifts, mis- 
alignment angles, accelerometer bias, and measurement variables like 
Doppler bias etc. The state vector usually consists of 7 or 9 navigation 
state, 7 or more IMU states, and 2 or more measurement states. 


state transition matrix. relating X,,, to X, in the noise-free case. 
additive whit’ noise sequence in the dynamical system at time ty . 


observation vector of measurement data at time ty linearly related to 
X, 
K . 


measurement matrix at time ty relating Yx to Xy in the noise-free 
case. 


adaitive white noise sequence corrupting measurement data at time ty . 


The following five equations cepresent the basic filter: 


where 


4 st 


~s 
m 


ad 


Xeon = Sern % (42) 
Keo =] + By (Yy-B) (43) 
Be = PRML[MyPeME + Vy) 7? 44 
K RM My PRM + VK (44) 
Pres = Feosq Px Rein + Hx (45) 
Pe = (I-ByMy)PR , «= if, «By «oof Equation (44) is used , (46) 
MX. 


a priort estimate of the system state predicted at time t, before using 
measured data. 


@ posteriori estimate of the system state at time ty after using measured 
data. 


covariance matrix of the error state vector X-k., : 
covariance matrix of the error state vector X-X, ‘ 
E(hyh?] = covariance matrix of the system noise. 

Ely, vj) = covariance matrix of measurenent noise. 


weighting matrix at time tx . 


These equations are processed on an iterative basis to determine consecutively the optimum 
estimate X, of the syste. state at time ty . 
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Figure 10 is a block diagram of the Kalman filter computations occurring during the 
Period ty, to ty,, . Block (2) is a mathematical model of the system described by 
Equations (40) and (41). ‘The state of this system is to be estimated by block @. 

In this estimation block, the measurements XY, corresponding to the a priori estimate, 

x, . are compared with the real measurements Y, . The difference multiplied by the 
weighting matrix B, is then used to determine the desired a postertort estimate X, , 

as given by Equations (42) and (43). ‘The weighting matrix computed in block @) depends 
on the statistical data of the plant noise hy and the measurement noise ‘KR: The error 
covariance matrices P, and Pg are also computed in block @) by the use of the 
recursive formulse (44), (45) and (46). 


Some remarks are now made in conjunction with the problems of filter mechanisation and 
initial conditions. I is not possible to cover this area exhaustively. 


The system state vector should include al! the system variablés to be estimated. Since 
the size of computation grows excessively (approximately by the third power) with the 
rumber of variables, appropriate choice is of great importance. In very accurate or 
complicated systems, the number of the state variab:es may be too large to be processed 
on the computer used. In such cases, a sub-ontimal system may be used, where some of the 
variables are omitted. Another method is the partitioning of the system state vector by 
placing the variables to be eliminated in one sub-system and the remaining variables in 
an ediitional sub-system®. In every case of designing a sub-optimal filter, the perforn- 
ance deterioration due to eliminat‘on or partitioning of some state variables should be 
predetermined by digital computer simulation and compared with optimal results. 


The state transition matrix Pet, is derived from the state matrix A(t) by the 
differential equation 


“Pet 
TOF Abb tg (47) 


with the initial condition Peo, ty = I (the identity matrix). An explicit solution of 
this equation is not possible. 
However, if A(t} is slowly varying, that means all coefficients can be assumed con- 


stant within une computation cycle, various expressions for $ can be obtained. In 
particular the solution for in the time interval t, to t, for constant A= A(t,) is 


Paty = e(tartiyA(ti) 7 (48) 


If the time intervai t,-t, is very small compared to the system dynamics, then 
Peasty = T+ (tty )A(ty) , (49) 
where higher order elements are neglected. 


If the Kalman computation cycle At = t +; 7 ty is too large to satisfy the condition 
(49), it can be partitioned by computing tiapty Ot smaller time intervals 


At, = ty,,- ty, where At = pdt, . Since 
P(tyty) = Alta t (ty ty) , 


we obtain, for Aoi, 


P 
Paik = ie Py igey (59) 
es} 
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The driving functions in Equations (40) and (41) are restricted to white noise. If 
some of the state variables are effected by correlated noise, this can also be included 
by the addition of shaping filters. These filters are then considered to be excited by 
white noise and their outputs have the same correlations as the correlated random variables 
in the original system. 


As a simple example, Markov noise processes have a spectral density function of the 
forn 





oe 
Gw) = a (51) 
aw + w? 
0 
and can be described by the differential equation 
f(t) ta f(t) = /(a%wy)u(t) (52) 


where u(t) is unity white noise. This equation can be incorporated in Equation (38), 
and f(t) is one of the state variables. It may be emphasised that extension to correl- 
ated noise is not compromised by the increase in the number of state variables. 


For the initial conditions, the variances and covariances to be arrayed in the co- 
variance matrix P5 should be known. Since, in many cases, the cross-correlations will 
not be known, the initial system may be obtained by replacing the symmetric matrix P* 
by a diagonal matrix with only self-correlations, as in Equation (53): 


Covariance Matrix of X 


lo? 
Or 0 
2 
0 Te : 
Ps = | 0 0 a a (53) 


2 
o 
xn 


During the Kalman filtering operation, the P, and P, matrices will converge to the 
optimal case as a result of the updating. 


It has already been proved, by extensive system simulations and actual tests, that the 
optimum filtering method is a powerful tvol to make maximum use of all available sensor 
information. But there is no theoretical or closed-form solution to find the “best” 
optimum filter for a particular system. Extensive computer simulations and, if possible, 
actuai hardware tests are required to optimise the filter parameters and to determine the 
number of variables that should be estimated. 
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SURMARY 


The application of statistical estimation techniqes is one of the sore 
important new developments in inertial navigation. These techniques sake 
possible significant improvement in the performance of a navigation systes, 
even with no change in the quality of the instruments, by allowing the sys- 
tem to continuously calibrate itself. The purpose of this paper is to des- 
cribe the operation of an onboard statistical filter and discuss some of 
the practical consequences and prob leas. 


First, the basic form of the Kalman recursi e filter is reviewed. The 
basic operation of the filter is then explained using a simplified example. 
Next, sisulation results are shown for a typical air transport navigativa 
problem with an inertial systems aided by Doppler rader and position fixes. 
Several applications and consequences of statistical estimation are then 
described, and two of the gore iaportant practical probleas in applying 
statistical estimation procedures are discussed. 
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THE EMPACT OF STATISTICAL ESTIMATION ON INERTIAL NAVIGATION 


Larry D.Brock 


1. INTRODUCTION 


Qne of the most important aew developments in inertial navigation systems ‘s the use 
of statistical estimation techniques during flight. These techniques are programmed into 
a fiight computer and provide for the optiaum use of all navigation infornation. The 
computer program is normally called a filter because of its cloge association with a 
conventional filter circuit. The computer program separates the navigation information 
{sigasl) from the errors in the navigation equipment (noise). The statistical filtering 
technique in most common use, which was developed by R.E.Kalman'»*, is closely related 
to the statistical filter work of N.Wiener’. 


The primary applications of these techniques are in the incorporation of external 
information, such as Doppler velocity and position fixes, into an inertial system end io 
the initial alignment and calibration of the inertial platform. Statistical filtering 
will, in gost cases, give significant isproveeent in the performence of a navigation 
system, evan with no change in the quality of the instruments. ‘This igprovement is asde 
possible through the use of a computer technique which not only combines the output of 
the varicus systems (inertial, Doppler, etc.) in an optimus way, but aleo provides a 
means by shich the systems continuously calibrate each other. ‘The purpose of this payer 
is to describe the operation of an onboard statistical filter and to discusa some of the 
practica] consequences and probless resulting from its use. 


First, a brief intuitive explanation is given of how the filter works: then the 
eqations for the Kalsan formulation of a statistical filter are summarized. The filter 
{so further explained by the application of the equations to a simple example. Next, 
Simulation results are given for a typical Nee York to London flight using an inertial 
systee eith Doppler radar and position Tizes. Finally. some of the eore significant 
results, consequences, and provlees are discussed. 


2. DESCRIPTION OF STATISTICAL FILTER 


Aa it is commonly used in a navigation system @ statistical filter ia a recursive 
technique programmed into a flight computer ehich uses al} avaiieble isforsation to 
estimate the errors and error sources in the aystes. At each tine new information is 
obdteined, a new estimate is ande of the errors and error sources. ‘The estianted error is 
subtrected from the cotput of the systee and the estiasted error sources (gyro drift. 
accelerometer scale factor, etc.: are compensated for. The inforwation used by the filter 
is the difference between the basic savigation ouiputs as produced by the different sys- 
tens. Examples are the differesce between the velocity as seasured by the inertia] systes 
end that indicated by the Doppler reader or the differeace between the positice as indicated 
by the inertial systee and that indicated ty LORAN. ‘The essential ingredieat of the 
filter is @ statistical error sodel for all the systems iavoived (inertial, Doppler, etc.) 
The conputer costains 6 curreat estieste for each tera in the error sodel. Tis estiaste, 
based on all previous seasurepents, is periodically updated. At the tice of each age 
weasurement, the difference in the outputs of the systeas is predicted, based on the 
curreat estieate of the errors in the aystees. If there is a difference beteven the pre- 
dicted difference ia the ayatees and the anasured difference, then ths estimates of the 
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errors are not as good as they could be. This difference between the predicted and actuai 
measurements is used through a set of weighting coefficients to update each of the esti- 
mates of the errors. The weighting coefficients are variables which are computed period- 
ically in the flight computer and are based on the assumed statistical model for the 
errors, This computation takes into account the past history of the system, including the 
effects of previously applied information and of vehicle motions which affect the system 
errors. 


The basic operation of a filter can be i]lustrated by the following hypothetical situa- 
tion: Suppose a human navigator is monitoring the operation of an inertial system on a long 
flight. Also, suppose that periodically he gets position fixes from other sources -- such 
as LORAN, TACAN, or celestial sightings -- and plots the difference between the output of 
the inertial system and the fixes. Now if the human navigator has had considerable 
experience with inertial systems, he will recognize that the relatively smooth trend in 
this difference plot (usually with an S4-minute period) is primarily the inertial system 
error and tiat the random errors ere primarily the fix uncertainties. He can also probably 
tell by the shape of the inertial error curve what the probable causes of the errors are. 
For example, he will know that if there is an azimuth misalignment, the error curve wiil 
change in a certain way just after a turn. The navigator can then compensate for the 
errors. It would be very impractical for even a highly trained human operator to do this 
much work during an actual flight, but this is essentially what the filter does automatic- 
ally. 


3. THE KALMAN STATISTICAL FILTER 


The entire process discussed in the preceding section can be described mathematically 
with a relatively concise set of equations developed by R.E.Kalman'+*, These equations 
specify the ortimum statistical filter if certain assumptions can be made about the system. 
These assumptions are that the uncertainty in the estimates of the svstem variables can 
be described by a set of linear equations that are driven by uncorrelatea (white) noise, 
These assumptions imply that the uncertainties can be descrided by Gaussian distributions. 
The assumptions are not very restrictive and in almost all navigation problems they can 
be made with little loss in the efficiency of the filter. 


The Kalman filter has become relatively familiar; thus no detailed derivation is given 
here. The equations for the Kelman filter are given as a reference and to define notation. 


The basic filtering problem is to produce the optimum estimate of the fundamental] 
variables (state variables) of a physical system from a set of measurements. The entire 
system is assumed to be described by equations of the form: 


X = tn (1) 


where the dot indicates differentiation with respect to time. The vector x is the state 
vector and includes all the variables of all the systems involved in the measurement pro- 
cess. The matrix F is made up of the coefficients of the linear set of differential 
equations. (It is not necessary that the basic equations be linear. If they are not 
linear, the matrix F is then made up of the partial derivatives of the basic equations 
with respect to changes in the state variables about a nominal. For this discussion it 
is assumed that the basic equations are linear.) ‘The vector n represents the white 
noise which drives the system. True white noise does not exist in the physical world 
Since it implies infinite power. The white noise used in Equation (1) is the input into 
an analytical system (shaping filter) which produces the noise that is encountered in the 
real system. For example, if it is assumed that gyro drift rate is a stationary random 
process with an exponential autocorrelation function, then the shaping filter would be as 
shown in Figure 1, whore w is white noise, d. is the random drift rate, and 7 is 
the correlation time cf the drift. If it is assumed that gyro drift rate is described 
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by a random walk (Brownian moticn) process, then the shaping fiiter would be just the 
integral of white noise without the feedback. In order to fit the total system into tne 
framework for a Kalman filter, it is necessary to include the basic variables of all the 
shaping filters into the state vector xX . 


It is assumed that measurements are made at discrete times and are given by 


_ 


m= Hxe+u, (2) 


where the matrix H gives the relationship between the measurements and the state vari- 
ables and wu represents uncorrelated errors in the measurements. The optimum linear 
filter developed by Kalman for obtaining the optimum estimete, xX, of the state variubles 


xX. from a series of measurements, m, is given by the set of equations: 


x = xX’ + Wim - Hx’) 
at 
E = Ef - WHE‘ measurement 
times 
wo= eg'H? HE’ HT + Ryo? | 
( (3) 
xX = Fx 
: between measurements 
E = fe+EFT+Q, 


In these equations the prime indicates conditions that exist just prior to the measurement, 
The superscript T indicates the transpose. The matrix E is the covariance matrix of 
the estimation errors and is defined by 


— 


5x 5xT 


HN] 


E 


“D> 


_ 
-x, 


where sx = 


The bar represents the expected or mean value. The matrices R and Q are defined 
by 


u(t) u(T) = R d(t - 7) 
n(t) n(T) = @ S(t -7), 


where © is the unit impulse function (de’ta function). A diagram of a system with a 
Kalman filter is shown in Figure 2. A system with a Kalman filter can be mechanized in 
two almost equivalent ways. One way is to compensate for the estimated errors by simu- 
lating their effect in the flight computer and correcting the displays accordingly. The 
other method is to actually correct the error source in the physical system. For example, 
if an estimate is made of a gyro drift, then the gyro is torqued to remove this drift. 
Mathematically the two methods are equivalent, but in an actual system there may he some 
advantage in using one or the other. 


4. EXAMPLE 


A simple example will help illustrate the basic operation of a statistical filter. 
Suppose an inertial navigation system is built to navigate only along a meridian of a 
Spherical non-rotating earth. The only sources of error are assumed to be an initia] 
tilt error and gyro drift. The gyro drift has an initial bias value and varies randomly 
during the flight as a random walk (Brownian motion). The inertial system is to be uided 
by a Doppler radar with a scale factor error and uncorrelated errors at sample times. The 
scale factor error is also described by random walk. ‘he inertial velocity and Doppler 
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velocity are to be compared and the difference is to be used in a Kalman filter to produce 
corrections to the inertial and Doppler systems. A block diagram showing the operation of 
the system is given in Figure 3. 


In the figure vy is the Doppler velocity, ¢€, is the uncorrelated error in the 
Doppler measurement, a is measured acceleration, v; is inertial velocity, p is posi- 
tion, and R, is the radius of the earth. The small circled numbers indicate where 


corrections from the filter go back into the system. 


The equations which describe the errors in the inertial systems are 


Op = Av, 
Av, = ga 
(4) 
Ma = gat + Ad 
Re 
Ad = Ny, 


where Aa is the tilt of the platform relative to the vertical, g is the acceleration 
of gravity, Ad is the uncompensated gyro drift, and Ny is the white noise which gives 
gyro drift the proper random walk characteristics. The error in the Doppler velocity is 


Avy = vASF + €, 


(5) 
ASF 


ng, 
where v is the total velocity, ASF is the scale factor error, and n, is white noise. 
The basic measurement is the difference in velocity, 


dv = vy - Yq = Avy - Avg . (6) 


The most convenient set of state variables for this problem is position error Ap , 
inertial velocity error Av, , Platform tilt Aa, gyro drift Ad, and scale factor error 
ASF . Written in matrix form, the differential equations for the state variables are 


Op 01 0 0 0| dp 0 ’ 
Av, 0 0 6 0 0; {Avy 0 

Aa | =]o -1R 0 1 Of ja ]+] 0 (7) 

Ad 0 0 0 0 of |da ng 

sr 0 0 0 0 | j4sF) jn, 


The measurement equation is 


dv = [0 1 0 0 -v}] [Op ]-«,. (8) 
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The filter for this probelm is now completely specified by Equation (3) where the x 
vector, F matrix, f vector, H matrix, and wu vector are defined by Equations (7) 
and (8). The matrices R and Q are defined by 


R = [e?] 


"l 


where 


Nyg(t) ny(7) = Ny df(t - 7) 


ng(t) ny(7) = Ne O(t- 7). 


The initial estimates for the state variables are assumed to be zero. It is also assumed 
that there is no initial cross-correlation between state variables, The initial co- 
variance matrix E is then a diagonal matrix made up of the expected mean squared value 
of each of the variables themselves, since the initial estimates are zero. With numbers 
specified for all the constants invoived, all the information is now available to progran 
the filter for this problem into a flight computer. 


The results for the simulated operation of this system are given for the following 
typical values: 


initial position error = 0 

initial velocity errur = 0 

initial tilt = 0.2 ainutes 
initial gyro drift = 0,015°/br 
initial scale fector error = 0.5% 

random walk gyro drift (Ny) = (0.0018°/mr) */or 
randow scale factor (N,) = (0.05%) */or 
uncorrelated velocity error (R) = 0.5 knots. 


It is assume that the vehicle accelerates to $00 knots, holds this velocity for one hour, 
accelerates to 1200 knots, and then stops after 4 hours. Figure ¢ shows the position, 
velocity, and tilt error in the inertial system without the filter. Figure 5 shows the 
same variables with the filter. Figure 6 shows the estisates of gyro drift and scale 
factor error that are made by the filter. Figure 7 shows the expected uncertainty in 
each of the state variables. These uncertainties are given by the square root of the 
diagonal elements of the covariance matrix. It can be seen that there is a drop in sost 
of the uncertainties at one hour when the velocity changed. ‘This is because the change 
in velocity helps the filter distinguish between inertial errors and Doppier errors, 
because the Doppler errors depend on velocity while the inertial errors do not. 
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5. SIMULATIONS 


The next set of figures shows the results of a much more realistic example. The sim- 
lation is of a supersonic transport flying on a great circle flight from New York to 
London. The plane flies at 500 knots over land and 1200 knots over the Atlant.c. The 
aircraft carries an inertial system and a Doppler radar system which are combined by a 
statistical filter which also processes check point information. The inertial system has 
a variety of errors, including 0.015 deg/hour gyro drift rate and 0.1% scale factor errors 
in the gyros and accelerometers. The system begins navigation 15 minutes before the sir- 
plane begins moving, with 1 degree errors in vertical alignment and azimuth. Thus the 
navigation program also performs the initial alignment and gyrocompassing operation. ‘The 
Doppler radar has a random walk scale factor error with a 0.3% initial value. When the 
ecircraft is over water, there is a Doppler velocity error due to surface motion and due to 
ocean currents. The Kalman filter is not optimum, in that the scale factor errors and 
Doppler errors caused by operation over water are not included in the filter. These errors 
are absorbed by other terws. ‘This is not the ideal situation but is realistic considering 
the limitations on computer size. Figure 8 shows the pure inertial error. The error which 
results when the inertial system is augmented by Doppler radar and filtering is shown in 
Figure 9. The same conditions exis: in Figure 10, except that conventional filtering is 
used. Figure 1] shows the results when four position fixes that have a root-mean-square 
uncertainty of 1000 ft are incorporated into the system. 


6. APPLICATIGNS AND CONSEQUENCES 3F FILTERING 


The sost important application of filtering techniques is essentially the one illus- 
trated in the previous example, that of combining various sources of information during 
navigation. ‘The Kalman filter gives a unified method of combining information from any 
source: inertial, Doppler, stellar, LORAN, TACAN, Decca, cogmunications satellite, aul- 
tiple inertial systeme, etc. When a statistical filter is used with an external velocity 
source, two of the classical] problems in inertial navigation - damping and gyrocompassing 
- are automatically solved in an optimum way. The 84-minute and 24-hour period oscilla- 
tions of the inertial system errors are described by the error equations which are written 
into the filter. In fact, these characteristics are one of the prisary aeans by which the 
filter distinguishes inertial errors froem other errors. Thus, thesc error oscillations 
ere automatically “damped”. Also. the filter uses all available inforestion to estinate 
the position and velocity of the vehicle. This includes obtaining an indication of the 
direction of North by seasuring the rotation of the gravity vector that is due to the 
rotation of the earth. Thus, a system with a filter is continuously “gyrocompassing”. 
Kalaan filtering can be used for optimum damping and gyrocompassing even with no externa) 
reference. (See Reference 4). However, even optisum demping is probably not very effec- 
tive for an aircraft inertial navigation systes. 


Another classical problem which is greatly aided by statistical filtering techniques is 
the initial alignment and calibration of an inertial aystee. A filter of the seme fore 
as that used for navigation can be used, during pre-flight, to process external inforsetion 
in order to estieate the eisalignsents and aiscalibrations of the aystes. The external 
information way be just the fact that the aircraft is not moving. 20 that any bias velocity 
is velocity error. The state variables that are used in the pre-flight filter normally 
include platfore eisalignments, gyro drifts, and any other teres which sight be subject 
to day to day variations, such as gyro and accelerometer scale factors. In addition, the 
calibration program aight be run with the platfore in several different attitudes to help 
the filter separate error sources. 


The calibration problee and the aasvigation problem are so sisilar that fa eany cases 
the same computer program can be used. It is necessary to faclude in the navigation filter 
most of the sajor inertial system error sources, such as aisalignments and gyro drifts. 
These parameters are the same ones that aust be estiaated during the pre-flight calibration 
program. Thus, with only quantitative changes in some cf the statistical values describing 
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the system, the navigation filter will also handle the calibration oroblem. For example, 
a filter which is designed to use Doppler radar measurements can be used for calibration 
by making the Doppler measurement zero and by greatly reducing the as::iumed error in the 
measurement. 


In most cases, filtering techniques will both improve he accuracy of the calibration 
process and shorten the time required. A filter can easily handle the problem of sotion 
during the alignment, such as wind buffeting, and can aluo be mechanized to account for the 
changing characteristics of components during warm-up. The seme type of filter can be 
used to transfer alignment from a master system to anocher inertial systes, such as in 
aircraft carrier operations. 


Filtering techniques are also useful for post-flight analysis of navigation systeas 
during a test program. In this application, all recessary system data is recorded during 
flight, along with all available reference data. The reference data is used in the same 
way as it is used in flight; but reference data is usually much sore accurate and the 
error model for the navigation system can be much more complete. In post-flight analysis 
even better use of the information can be sade dy extending the filter to include optisua 
smoothing techniques, which means that reference date is used from both sides of the point 
in question. 


Qne of the sost important conseqences of the use of statistical filtering for naviga- 
tion is that it changes the basic ficure of merit for the component parts of the navigation 
system. The dynamic and statistica) nature of the error becomes very important in addition 
to its absolute accuracy. What is u! imately important is the total accuracy of the 
overall system after the measurements have bean processed by the filter. Thus, what is 
important is the ability of the filter to detect and compensate for the errors. Por 
exemple, if a component has poor day-to-day stability but the error is nearly constant 
once warmed up, the total :ystem accurscy might be oetter than with a component with better 
absolute accuracy but wit less stability during the flight. The parameters that give a 
measure of this lack of stability during f). ght ere the white noise inputs which drive the 
error equations. These are given oy the Qand R matrices in the filter cqations (see 
Equation (3)). Thus, ove of the important parameters of a component is the size of th.s 
white noise terw that is a part of the error wode)l for that component. For exemple, if 
eyro drift can truly be describe¢ by a random walk aodel an used in the example in Section 
4, then an important figure of arrit for a gyro is the increase in pean squared gyro drift 
per unit time. The units for this parameter would be (deg/hour)‘/nour. then a filter is 
used, this ouaber sight be wore ieportant than the drift rate itself. 


An even sore iaportant consideration is the dynamic characteristics of the errors. If 
@ filter ia used to combine the information from teo eystens which have errors with the 
sape dynamic characteristics. then the filter can do little sore than produce a statistical 
average which aight reduce the error around 20 to 30%. On the other hand, if the errors 
have unique dynamic characteristics, then the filter iJ] be able to distinguieh the errors 
and obtein @ possible 70 to 60% iaprovement. As was sentioned in the examples, this situa- 
tion is en advantage when an inertial systee and Doppler redar are combined. Most inertial 
errors are related to some inertial direction while Doppier errors are related to aircraft 
azes. Thus, shen a turn is made, the filter is to some degree able to distinguish end 
calibrate the errors. 


A very valuable by-product of the use of statistical filtering is that an e priors 
estisate is available at all times for the accuracy of the navigation aystes. This feature 
has at least three possible uses. First, tbe inforwetion could be displayed directly. 

The nevigation systea would then give the vehicle operator sot only the isdicated position 
and velocity, but the eatieated accuracy of these ousbers. In some situations this inforue- 
tion could be invaluable. Secondly, a record could be kept of the ectusl and est iaated 
error in the syates. for example, at terminal points. If there were, un an everage, too 
euch discrepancy between how well the system was doing and how it thought it eas doing, 

this would indicate that the systes eas not operating properly. The problew could be due 
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either to some component which was exceeding specifications or to improper modeling of the 
system. A third use of this statistical data would be the automatic editing of the input 
data. ‘The filter already has an estimate of the expected error in the measurements. Thus, 
if a measurement is in error by more than three or four standard deviations, it can be 
autometically rejected and indication can be given to the operator that something might be 
wrong. 


7. PROBLEMS 


Two of the most important problems in the use of statistical filtering are the require- 
ments for a large flight computer and the need for adequate statistical models of the 
component parts of the systea. 


The computational problem is due to the necessity of computing, in real time, the 
optigum statistical weighing factors. The weighing factors involve the integration of a 
matrix differential equation for the covariance matrix (see Equation (3)). This matrix has 
dimensions nxn, where n is the nuaber of variables being estimated by the filter. 
The amount of computation required is roughly proportional to n°. Thus, the sore con- 
plete the model, the worse the computational probles. For a particular navigation systea 
there will be a trade-off between accuracy and computer capability something like the 
hypothetical curve shown in Figure 12. For any system there will be a point beycad which 
a larger computer gives very little improvement. Considerable knowledge of the svstem is 
needed to actually determine the trade-off between accuracy and computer size. This fact 
leads into the other sajor problen. 


The other major problem is the need for statistical podels for all the instruments 
involved in the navigation systes. Computer simulations of typical navigation probleas 
using supposedly realistic statistical eodel» produce outstanding performance when Kalaen 
filtering is used. But the results in the real world are not necessarily this good, 
because of unsuspected errors with which the filter is not capable of coping. A detailed 
Cctatistica] error podel for an inertial systee has not really been essential in the past, 
but now thet the aode] is actually a part of the systes, its determination is such sore 
iaportent. To be confident of having a complete model, it is necessary to test the systee 
in an operetional environment as near as possible to the one in which the system is 
actually going to be used. This flight test program is neceasary to assure that the stat- 
fetical filter can handle any pecuiiarity io the system. It is very helpful in this flight 
test program to record a1] information that is necessary to “re-fly” the flight on a ground- 
bused computer. ith this recording it is possible to change the filter and determine 
what the results sould have been without having to re-fly the aircraft. It is thus possible 
to optimise the filter with great savings in flight test expenses. 


8. CONCLUSIONS 


It ie very likely that a large percentage of the aircraft in the future wil] use inertial 
mavigation equipment and that the mechanigati - of these systems will be greatly influenced 
by statistical filtering techniques. These techniqes are in on early stage of development 
aad auch experience is needed to determine just how they should be used. In eany cases, 
it is likely that s simplified filter #11) produce resuits ehich are nearly optiaum. On 
the other band, new developments in very highly capable, but less expensive. flight con- 
puters aay wake desirable even sore sophisticated filtering techaiques. Ip either case, 
the Kalman filter equations give a unified foundation from which practical eechenizations 
can be developed. 
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Fig.1 Shaping filter for stationary gyro drift rate 





Fig.2 System with Kaleen fiiter 
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Fig.4(a) Pure inertial position error 





Pig.4(b) Pure inertial velocity error 





Pig.4d(c) Pure isertial vertical error 
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Fig.7(a) Root mean square position uncertainty 
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Fig.7(b) Root mean square velocity uncertainty 
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Fig.7(c) Root mean square vertical uncertainty 
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Fig.7(d) Root mean square gyro drift uncertainty 
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SUMMARY 


Under sponsorship of the United States Air Force Cambridge Research Lab- 
oratories the Massachusetts Institute of Technology undertook to apply the 
techniques of inertial guidance to airvorne gravimetry. Tests of a missile 
accelerometer used as a graviseter on a stabilized platform aboard a KC135 
aircraft ensued. 


The results of an error analysis of the stabilization and navigation 
requirements are presented. Navigation requirements are divided into hori- 
zontal and vertical coordinates, in the horizontal coordinates accurate 
velocity is shown to be the most demanding requirement. In the vertical 
coordinate, filtering is reqired to distinguish between gravitational and 
inertial reaction forces. 


The design of the experimental gravimetric system is then discussed, with 
emphasis on the pendulous gyro gravimeter and on the stabilization system. 


Some results of the flight tests, which started in November 1966, are 
presented in the form of raw data and reduced observations. Incidental date 
involving air turbulence and sircraft motion are also presented. 
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NOTATION 


semi-major axis of reference ellipsoid 
acceleration along the local vertical 
E6tv6s correction 

earth’s flattening (1/298. 3) 

specific force along North, East 

Specific force along y aircraft coordinate 
altitude of aircraft above reference ellipsoid 
aircraft groundspeed 

gravity at sea level 

longitude 

geographic latitude 

earth rotation rate (7.29 x 1075) 

ground track angle measured from north 


used as prefix to denote increment or error in 
@ quantity 
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ch 
2 
cm/sec 


cm/sec? 


cn/sec? 
ca/sec* 
cn 
ca/sec 
ca/sec* 
rad 

rad 
red /sec 


rad 





























APPLICATION OF INERTIAL TECHNOLOGY TO 
AIRBORNE GRAVIWETRY 


Elmer J.Frey and Raymond B.Harlan 


1. INTRODUCTION 


Gravimetry is the measurement of the force of gravity and was first done in static 
conditions on the surface of the earth. The instruments used for this purpose have prin- 
cipally involved measurement either of the period of a pendulum or of the distortion of an 
elastic spring’. During the 1920s Vening Mainesz’ used pendulum apparatus to seasure 
gravity at sea aboard a submerged submarine, and in the following decade spring-type 
gravimeters were designed for use in relatively static conditions at the sea bottcm at 
modest depths’. In 1957 Worzel? measured gravity at sea on board s surface ship using the 
spring-type meter of Graf, and not too much later the elastic spring meters of LaCoste- 
Romberg were also successfully used on surface ships at sea. Finally, in 1959, the first 
experiments in airborne gravimetry were conducted by Thompson and LaCnste*. ‘These sere 
soon followed by other experiments in airborne gravimetry, nctably those of Nettleton, 
LaCoste, Glicken, and Harrison’+*, always using elastic spring gravineters. Thus, the 
measurements have progressed from static conditions to increasing levels of velocities and 
accelerations. 


A gravimeter measures specific force, and is thus identical in function to an accelero- 
meter, except for the anticipated environment. A seisometer may also be considered to have 
an identical function, and in fact severe) of the current gravimetera, such as the LaCoste- 
Romberg, are adaptations of the Lacuate seismograph suspension systes. The standard unit 
of the geodesist is the willigul, with a value of 0. Ofica sec’ or spproximately 10°° 
gravity; a land gravimeter is expected to have an accuracy of at least 0.1 milligal, or 
approximately 10°” gravity, and instrumenta eith considerabl higher resolution have deen 
used for sany years. However, such units eust be clamped uring tranaportation, and 
usually have a very limited range of atatic srasuresent§ typically e fee thousand eilligals, 
and sometines jess than 59 ailligela. Exposure of an unceged instrument to conditions 
beyond this range necessitates recalibration and ae. produce persanent dasage. Therefore, 
the instruments designed for a dynamic environmer. have sacrificed nome of the resolution 
and accurecy of the atatic inatrupents in order to survive and seanure in the dynaaic 
environment. Nevertheless, the surface ship and airplane seasurepents aentioned thus far 
all caployed instruments which sere besica:ly adaptationa of static land graviseter designs. 



















The seasurement of gravity on a aoving vehicle introduces other problems besides those 
of the greviseter: for example. it becomen necessary tc provide anguler atebilization or 
indication in order to point the sensitive azia of the gravieeter in the proper direction, 
i.e., Glong the gravity vector. In addition, it becomes necessary to distinguish between 
the accelerations of gravity and ver’ !-<: accelerations with respect to the earth. both of 
which effect the instruaent equally, by scee appropriate filtering process. Finally, it 
is also necessary to distingu!sh the vertical Coriolis accelerations due to horizoatal 
velocities, which jeaplies that these velocities auat also be known. These requirements 
further lieit the accuracy and the resolution of gravieetry on board a soving rehicle, 
perticularly on an sircreft where altiseter accuracy lisits the knovsledge of the vertical 
accelerations as well as of *he altitude itself. Consequently, even a perfect gravipeter 
with infinite resolution can provide only results consistent with the other sources of 
inaccuracy. 
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Since the measurement of specific force, angular stabilization, and indication of 
position and velocity are all the subject setter of inertial navigation, the application 
of the techniques and equipment of this field to airborne gravisetry is logical. In 1965 
the Experimental Astronomy Laboratory «started a study cf the possibility of using inertial 
equipment for airborne gravimetry. The study led to the selection of an accelerometer 
for test as a potential gravimeter, and the assembly of a stabilizacion platform for the 
gravimeter for a flight test program. 8y late 1966 experimental gravimeiric flights were 
being conducted in a United States Air Force KC-135 aircraft, using this equipment and 
the navigation system which already existed in the aircraft. 


2. STABILIZATION AND NAVIGATION SYSTEM ANALYSIS 


2.1 Stabilization 


A specific force aloig any divection can be computed from force measurements made in 
three arbitrary, but known, orthogonal directions. Thus in principie a ‘‘straptoxn* 
measurement system of three instrurents could be used for gravity acccurewent. Sich an 
arrangement requires three accurate instruments rather than one, et! in addition rewuires 
very bigh accuracy in the determination of the direction of the tunut axvs of the trsiru- 
ments and stability in these directions with respect to each other. A typical error 
coefficient for alignaent uncertainty ia three milligals per arc second. Consequently, 
it is preferable to use one instrument aligned along the desire: direction, because the 
courses flown can be rather smooth, and accelerations norma) to the desired direction may 
be kept saall. This reduces alignment errors to a second-order effect. 


If a pendulous gyro accelerometer is used for a gravimeter, an additional requirement 
is made, since the output of the instrument is a rotations about the input axis, it sust 
either be stabilized about the vertical axis or the aziauzh mation of the case eust be 
known. 


examine first the alignment error for a static gravity measurement on land or at the - 
fee bottom. In this case the instrument is to be aligned along the gravity vector, and 
there is no Sorizontal acceleration. Thus alignment way be done by levels, and an error 
ce in verticality produces an error fe¢:5)? in the serevrement, ao that @ one mi. li+ 
redian error ia leveling produces about one haif ailisgal srror, and a ote ire ainute 
error produces about 0.04 silligel. Land and see dottom graviceters are usuelly leveled 
by static methods. 


Karly sudmarine and shipboard gravimeters were 2+¢sled Sy use cf penduious giabel e 
aystema, sith periods of the order of one or teo #inutes. Since the pendulous giadala 
followed the apparent vertical. i.e. the specific force vector, the resulting measurements 
had to be corrected for the horizontal acceleretions ehich ee7e sensed anc for the secead- 
order reduction in the gravity vector sensed. This latter computation, called the Broene 
correction’, is about $0 etiligais for e borizo:tsi acceleration of 0.0}¢ end increases 
with the aquare cf the acceleration. The agalox computation componiy used to compute 
thls correction eas also used to eske partial currection for the dynewic response cf the 
gindals’-*:", Spsequentiy gyro-stabilized platfcras were used tc replace the pendulous 
gimdal systema, reducing considerebdly the effect of dorizontel accelerations '®*'*, 


In analveing the stabilization requirewsent, the lirst step is to eaprees the horizonts! 
specific force of the vehicle ia a suitable coordinate syatee. is horisontal fiight, 
aeglecting ai] teras in the earth's flette::ag reduces the expreasions for North and Sax: 
specific force to'* 


ty Oe + BEA * 2) 2in S coe Ss ; 43) 


fg = -@. Coss + Jetit «oy sins. (3) 
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Note that the centripetal term au? sin 2 cos + is part of the gravity vector and thus 
does nct appear in the horizontal acceleration expression. 


Since gravimetric survey flights are likely to fcllow simple patterns, it is convenient 
to look at components of horizontal specific force for great-circle and rhumb-line flights 
at constant speed. Along the flight direction, the specific force is zero; norwal to 
the flight direction, for great-circle flights, i' is 


fy = 2m sin’, (3) 
and for rhumb-line flights it is 


y? 
fy = Me sin D+ — tan D sin y . (4) 





For great-circle courses at 400 knots, the Coriolis acceleration of 2 sin f can be 
as such as 3000 ailligalax, and is the doainant sustained horizontal acceleration. At 400 
knots and 90° or 270° heading, the additional rbumb-line acceleration reaches the same 
value at latitudes above 75°. Thus a reasonable estimate for sustained mean horizontal 
acceleration for al] flights is 3000 milligals; this is the cross-acceleration term shich 
produces alignment errors if the gravimeter is to be oriented along the gravity vector. 
The error sensitivity in this case is approximately one silligal per arc minute of tilt 
in the roll direction. 


Several possibilities for stabiliza’ion coordinates appear. Ore is the usual North, 
East, and vertical aystes comtunly useu in navigation platforms, Another is s sacothed 
or averaged apparent verti-a] such ax is provided by en aircraft vertical gyro refvrence; 
this has the disadvantage of being sensitive to heriutal accelerations of short duration, 
shich means that both #@ Browne correction az « cross-acceleration correction aust be 
applied. The crosa-acceleration correction sey te coers ! from navigation inforwation 
and knoelcdgr of he dynawic resrcase of the ateble eleaent. dut involves inaccuracies 
arising frow these sources‘: *'. 


Another coordinate aystee which follows the spparent vertical for flight paths unecce) - 
erated with reapect to the rotating earth is poasidie, and would present the advantages 
of aking the cross-accelerationa for such flights approstmately zero. Such a coordinate 
systes is that which a loca] vertical inertial navigation platfore would folloe Li the 
Coriolis acceleration compensations were opitted. The Browne correction would again be 
reqsired, but the platfore attitude cauld be gore easily detersined and the Browne correc- 
tior could be computed rather ¢...::3 amd accurately. The error sensitivity for such a 
configuration equld depend priperily ca rhvebd-line accelerations, and a value of 0.3 
mlilignl per arc siaute eight be appropriate as an average error coefficient. 


Stabilization fastrueent requiremeats depend is part upon the course flown. Table { 
bows the peak error sensitivities obtained in a siguletion of a three azis local vertical 
pistfore flow over the courses show {a Figure i. ‘The table shows enquler errers in 
tilt of the vertical abou? Ww ch and East, and angular velocity errors about the azigoth 
anis. The latter are shows because the cotput of 8 gyro accelerometer is am angular 
velocity, about the input asis, proportional to the specific force input. Mence the 
azievth angular velocity errors are critical when such am instrument is used as 6 gravity 
seter. Figure 2 illustrates the bebatior of the angular errors dw to a constant gyro 
drift rate, for om easterly flight along the 7% parallel of latitude. The high lati tede 
euphesizes agiguth drift. the S-eloute pericd oscillation is alse clearly evident for 
el] three enguler errors sdoen. 


Pigur_s 3 and 4 show azimuth error doe to a constant drift rate in the ezieuth gyro. 
for great-circle courses passing withi:. 15° of the pole. The effect of high latitede is 
clearly evideat. the simulation also showed that the tine of passage nearest the poles 
is also isportaat. these error coefficients are leportast to the case eben the pendulous 
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gyro accelerometer is used as a gravimeter; w.th a typical accelerometer scale factor of 
about one redian per second per gravity, an azimuth gyro drift rate of one minute uf arc 
per hour can produce a gravimeter output error of 0.8 milligai for parts of the course 
shown in Figure 5%. 


The error sensitivities for platform levelling which are shown in Table I are not 
especially demanding as far as the current state of the art is concerned, if one adorts a 
one minute of arc specification, which corresponds to one milligal gravimeter error. 
However, it should be noted that reasonable velocity signals are necessary to keep the 
levelling this accurate, since four knots of velocity produces almost one arc minute of 
tilt. 


The preceding analysis covered the case of the platform normally eligned to loca: North. 
East, and vertical. Time did not permit carrying out a similar, complete analysis for the 
case of a pla*form alignec to the differ-nce between the gravity vector and the aircraft 
Coriclis acceleration vector, i.e. to the apparent vertical for flight with no horizontal 
accelerations with respect to the rotating ear.h. However, since the two coordinate 
systems are fairly close to coincidence, within 20 arc minutes vf each other, and since the 
platform dynamics do not differ markedly, the error ccefficients should be approximately 
the same, 


2.2 Navigation Requirements 


The navigational requirements may conveniently be separated into those relating to the 
horizontal coordinates, or latitude and longitude, and those relating to altitude, since 
the way in which the two different coordinates affect airborne gravimetry is drastically 
different. Since the flight test program was based on use of an existing navigation sys- 
tom, the analysis of navigation errors was more limited in scope then that for stabiliza- 
ticn errors, 


2.2.1 Navigation-iloriz sntal Coordinates 


Mapping tie gravity anomalies requires knuwledge of the }ccation of each observation, 
i.e. navigation information. The gravity anomaly is the difference between the actual and 
the nominal gravity value at each point, and the nominal value is a function of both lati- 
tude and altitude. The standard sea Jevel gravity value as a function of latitude is 
given by Heiskanen as 


Yo = 978.049(1 + 0, 0052884 sin’ - 0.0000059 sin? 2p) . (5) 


The change w.th latitude is not significantly different at aircraft altitudes and for 
purposes of error analysis the sea level formula is adequate. The rate of change of 
standard gravity with lativude is 


a 


dp = 978, 049(0. 0052884 sin 2) - 0.0000118 sin 4}) , (6) 
which takes on its maximum value near 45° latitude, where the change is approximately 1.5 
milligal per arc minute. This ratio provides one error criterion for latitude indication. 
The error criterion for longitude indication depends on the resolution desired for the 
map. The resolvtion attainable for airborne gravimetry is limited for other reasons which 
are discussed i. more detail below; these limitations are such that the horizontal posi- 
tion errors will not be discussed further at this point. 


Horizontal velocity is required as well as position, since the gravimeter is sensitive 
to the vertical Coriolis anc centripetal accelerations. A sufficiently accurate expression 
for the component of acceleration of a body along the normal to the earth ellipsoid is!® 
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x2 h .2 : 2 2 h 2 : 
a, = atl + 3 + £(3 sin’? - 2)] + a(A + ~)* cos*P}] + A + f sinst| -h. (7) 


One part of this expression is the centripetal acceleration of a body fixed with respect 
to the rotating earth; this is the term 


. oh 
aw? cos +-+f sin , (8) 
a 


which is included in normal gravity and has just been discussed. The remaining terms 
involve vehicle motion with respect to the earth, and must be removed from the gravimeter 
reading to leave the gravity observation. Since this portion of the discussion is devoted 


to horizontal motion, the term h will be ignored and it will be assumed the altitude is 
constant. The remaining terms are known to the geophysicists as the ‘Eotvos correction”. 


For the purposes of an error analysis, the smal) terms with coefficients of h/a and 
f which appear within the brackets in Equation (7) may be ignored. The resulting simpli- 
fied expression takes the form 


E = a3? + afd? + 2hw) cos’d. (9) 
The corresponding error expression is 
AE = 2apApP+ gai’. +a) cos*oAd - ad(\ + QW) sin 2M¢. (10) 


The effect of latitude error A? may be evaluated by comparison with the size of the 
centripetal term appearing in normal gravity; it obviously varies with longitude rate. 
At 45° latitude and 400 knot speed, the error is approximately 2.6 milligals per arc 
minute of latitude for eastbound flight, and 1.3 milligals per arc minute for westbound 
flight. 


The term due to error in latitude rate contributes an error proportional to the latitude 
rate; at 400 knots a one knot error in velocity contributes about 3.2 milligals. The 
term due to error in longitude rate depends both on latitude and on longitude rate; the 
error coefficient increases for eastbound flight and de.reases for westbound flight. At 
45° latitude and 400 knot speed, the approximate error coefficients are 8.5 milligals per 
knot of error eastbound and 1.8 milligals per knot westbound. 


Since the experimental program was based on the use of an existing navigation system 
coupled with the use of aerial photography, there was no need for a detailed error analysis 
for design purposes. The error coefficients just develcped provide an adequate description 
for estimation purposes in data reduction. 


2.2.2 Navigation-Vertica!l Coordinates 


A first requirement for altitude indication arises from the fact that the gravity field 
is a function of altitude. Near the surface of the earth, the field attenuates by one 
milligal in approximately three meters. This provides the error sensitivity for the 
static effect. 


In addition, there is a dynamic effect due to the response of the gravity meter to 
specific force, which includes vertical accelerations as well as gravitational accelera- 
tions. If the altitude is known with adequate precision vertical acceleration can be 
obtained from it by differentiating twice, and the instrument readings corrected for the 
acceleration term (h in Eq.(7)). However, since differentiation of observed data intro- 
duces noise into the computed acceleration, care must be exercised in the use of the 
altitude data, or the data must be eatremely precise. 
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In gravimetric flights vertical motion constitutes a disturbance whose spectrum must 
be examined if it is to be measured and its effects eliminated. The sources of the 
vertical accelerations include, among other things, atmospheric turbulence, aircraft 
dynamics such as phugoid motion, and variations in aircraft weight, engine performance, 
trim, and control surfece motion. The order of the problem can be iliustrated by an 
example of phugoid motion, which for a KC-135 aircraft has a period of about 90 seconds. 

A phugoid of one centimeter in amplitude creates an acceleration of five milligals in 
amplitude for this case. Higher frequency motions with the same amplitude in displacement 
create even larger accelerations. 


In typical quiet gir conditions, the one sigma value of observed accelerations is 
generally of the order of two or three thousand milligals. In turbulent air, this figure 
rises to values of ten or twenty thousand milligals or even more. Using the altitude 
hold system of the KC-135 aircraft, the vertical accelerations have a spectrum which, in 
conditions of turbulence, peaks in tke range from 0.03 to 6.06 c/s. In quiet air the 
spectrum is much broader, with a relatively flat shape from about 0.01 to 0.12 c/s. 


It is instructive to examine what altitude variations correspond to the observed 
accelerations. Choosing 0.05 c/s as the center of the spectrum, and 5000 milligals as a 
peak amplitude for a sinusoid, yields a peak amplitude of motion of 50 centimeters. Thus 
to be able to remove such an oscillation with an accuracy of ten per cent requires 
measuring altitude changes to an accuracy of five centimeters. Since no existing altimeter 
provides altitude with accuracy anywhere near this level, the readings must be averaged 
over a long enough time to yield suitable results. This limits the spatial resolution of 
airborne gravimetry since during an averaging period the aircraft moves a considerable 
distance. 


The preceding example emphasizes the importance both of altimetry and of the filtering 
methods used to eliminate the vertical accelerations from the observed data. If, for 
example, the observed altitude variation of 50 centimeters is indeed measured to ten per- 
cent accuracy, and a corresponding velocity is also desired to ten percent accuracy, the 
velocity error of 1.6 centimeters per second combined with a five minute averaging period 
yields an error of just over five milligals. One study of the filtering problem has been 
made by Moritz!’, A study of the manner in which both altimeter and gravimeter readings 
can be used to obtain optimum results in the determination of vertical motion, as well as 
of the gravity reading, would also be useful. 


The vertical navigation system used in the KC-135 aircraft consisted of an APR-5 profile 
recorder or radar altimeter, plus a hypsometer and a barometric altitude hold for the 
aircr<ft. The radar altimeter was used over surfaces of known altitude to provide a 
reference point for the hypsometer, which was then used as an altitude indication system 
for normal flight. The changes in altitude due to variations in isobaric surface height 
are compensated by means of Henry's correction?®, 


3. THE GRAVIMETRIC SYSTEM 


3.1 The Gravimeter 


Inertial navigation has been used in continuous or “cruise” navigation of aircraft and 
Ships and in launch guidance of rocket vehicles. The long periods of operation in cruise 
navigation make high demands on gyro accuracy, while requirements for accelerometer 
accuracy are relatively modest. In rocket vehicles the wide range of acceleration to be 
measured makes severe demands on accelerometer performance while, at the same time, long 
term stability is required if frequent calibrations are to be avoided. Consequently, the 
accelerometers used in rocket vehicles are logical candidates for gravimetric use. 


The different types of accelerometers available include the pendulous gyro type used in 
both the SATURN and the TITAN III space boosters. The instrutent used in the latter, 
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known as the 25 PIGA (pendulous integrating gyro accelerometer) was the model selected 
for the gravimetry project. 


The instrument has the general form cf an octagonal aluminum cylinder approximately 
11 centimeters in diameter and 15 centimeters long, with a weight of about 4 kilograms. 
The pendulous gyro within the instrument is a floated integrating gyro of beryllium 
construction, with a pendulosity of 22.5 gram-centimeters, and in normal use, an angular 
momentum of 30,000 dyne-centimeter-seconds. The floatation is aided by magnetic suspension 
produced by the microsyns at each end of the gyro. The pendulosity and angular momentum 
values give the device a scale factor of about 0.75 radian per second per gravity, in its 
normal manner of use. The servo system used to drive the accelerometer makes use of a 
direct drive d.c. torquer, and has a natural frequency of about 150 radians per second. 
The carrier frequency for the microsyn signals is 1000 hertz. The angular motion of the 
gyro turntable within the PIGA is measured by an optisyn‘®, an incremental discrete read- 
out device with an output of 2048 pulses per revolution. 


In order to minimize the effort, cost, and time required to achieve an operating 
gravimeter from an existing accelerometer, whenever possible, use was made of existing 
electronic circuitry associated with the mechanica] instrument. In the case of a gyro 
accelerometer, this circuitry involves the electronics necessary to operate the gyro, the 
servo amplifier used to drive the accelerometer torque motor, and the means of detecting 
the accelerometer output. The output had to be recorded in a form suitable for gravimetry. 


The housing which was designed to provide thermal control for the instrument, whose 
operating temperature is about 63°C, also incorporated a mumetal layer for magnetic 
shielding. Two versions of the housing were designed; the second one differed by being 
symmetrical, so that the PIGA input axis vould be pointed either up or down. This made 
it possible to use the instrument in whichever of the two directions incorporated the 
ainimum thermal sensitivity. 


One major change was made in the use of the instrument. The accelerometer was origin- 
ally designed for the broad range of accelerations encountered by a rocket vehicle; in 
the gravimetric application a total range of two gravities is more than adequate. Conse- 
quently the scale factor of the instrument was increased by reducing the angular momentum 
stored in the gyro wheel. This was accomplished by design of & 50 hertz square wave supply 
to drive the gyro rotor. This reduced the angular momentum to 3750 dyne-centimeter-sec- 
onds, and increased the scale factor to 6 radians per second per gravity. Thus one PIGA 
revolution took place in about 1.05 seconds at one gravity. 


The increased angular motion of the rotating PIGA element correspondingly reduces the 
sensitivity both to angular motion of the PIGA base and to uncertainties in measurement 
of the relative motion of the base and the rotating member. The net effect includes 
reduction of the time necessary to resolve a measurement to a given level of accuracy. 


The 1000 hertz microsyn supply and the complete PIGA servo loop were left unchanged 
in form, although the gain of the servo loop was adjusted somewhat to correspond to the 
new gyro values, by resetting the potentiometer. The readout circuitry involved in the 
optisyn was also left unchanged, 


The instrument output wes recorded in the form of elapsed time per revolution of the 
PIGA. A Beckman preset counter, operating in a mode in which it is possible to count 
continuously without data loss, was used to count one megahertz pulses. Flight data were 
generally recorded as the elapsed time for one or two PIGA revolutions, corresponding to 
sampling intervals of approximately 1.05 or 2.1 seconds. The preset counter was connected 
through an intercoupler to a punched tape unit recording both the elapsed time for the 
PIGA revolution and the time from the Astrodata master clock in the aircraft, both in 
binary coded decimal form. A printed paper tape also recorded the elapsed time; the visual 
readout is convenient both during calibration and for checks during flight. figure 5 is 
a photograph of the airborne electronics console containing the accelerometer electronics 
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and readout equipment and the electronics used to operate the stabilization platform on 
which the PIGA was mounted. 


At a later date a higher degree of system integration and simplification was obtained 
by using the frequency reference of the Beckman counter as the frequency source of the 
PIGA electronics as well; this increased the frequency stability of the latter and 
reduced the complexity of the overall system. 


The accelerometer in the mechanical housing which included magnetic shielding, thermal 
regulation, and gyro and optisyn preamplifiers weighed approximately seven kilograms. 
The second version of the housing was a cylinder approximately 15 centimeters in diameter 
and 19 centimeters long. 


3.2 Stabilization System 


With the selection of a gyro accelerometer for use as a gravimeter, the stabilization 
requirement included either azimuth stabilization for the instrument or heading indication, 
as well as the vertical stabilization required for any instrument. If the instrument were 
to be used with its original scale factor, an azimuth error rate of approximately 0.155 
degrees per hour corresponded to one milligal error in gravimeter indication. If the 
accelerometer scale factor were to be increased, the error sensitivity would be corres- 
pondingly reduced. The requirement for vertical stabilization was described earlier. 


Since the goal was gravimetry rather than the design of stable vertical elements, it 
was. hoped to find an existing platform that would meet the requirements. The azimuth 
Stabilization requirements would place performance in the range of inertial navigation 
systems rather than of aircraft heading references, unless the accelerometer scale factor 
were drastically increased. A review of existing systems showed no available inertial 
navigation system or heading reference which had enough room on the stable member for the 
gravimeter. This is to be expected, since such systems are normally built as compactly 
as possible. 


Previous tests using stabilized gravimeters had employed camera stabilization mounts, 
in particular Aeroflex Laboratories model ART-25, a two-axis stable element, and a later 
version, the ART-57. These platforms were equipped with a vertical gyro and two pendulums 
for levelling and employed direct-drive torque motors. The platforms tracked the apparent 
vertical rather than the true vertical, since there was no Coriolis compensation. In 
addition, the platform showed a limit cycle oscillation of about five arc minutes amplitude, 
probably due to non-linearities in the perdulums, and affected by the high erection rates 
required to overcome gyro drift. This performance was unacceptable; however, the ART-57 
platform itself was phsyically large enough toc hold the gravimeter and was available. In 
addition, the direct drive torquers could permit satisfactory stabilization to the vertical 
if adequate gyros, accelerometers, and servo electronics were used. The gyro accelerometer 
could thus be stabilized to the vertical and, if heading were indicated to sufficient 
accuracy, the stabilization requirements could be met. 


A review of three-axis stable platforms was made in the hope that the azimuth axis and 
stable member of such a platform could provide the necessary attitude reference for the 
ART-57 gimbals. One suitable platform was the AN/AJN-10, an inertial reference platform 
built by AC Electronics Division, General Motors Corporation, for use in a Doppler- 
inertial aircraft navigation system. This platform, together with the associated AN/ASN- 
32 navigation computer and control indicator was available, and the aircraft was already 
equipped with a Doppler radar. Furthermore, the complete three-axis platform could fit 
| on the stable member of the ART-57 platform, and the AN/AJN-10 platform also used direct- 
| drive d.c. torquers, This suggested that integration of the two platforms might be fairly 
simple. 
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The AN/AJN-10 platform uses three single-degree-of-freedom floated integrating gyros 
and two floated restrained pendulums. The North and azimuth gyros are Honeywell GG49 MIG 
units; the East gyro, used for azimuth alignment in ground erection and for gyrocompassing 
in flight, is a 2FBG-2C model manufactured by AC Electronics. The pendulums are Honeywell 
GG59 units. The electronics are completely solid state, and the modes of operation are 
designed for convenient use. The platform weighs about 32 kilograms without electronics. 


The compiete AN/AJN-10 platform was placed on the ART-57 stable member, and the two 
outer axes, roll and pitch, of the AN/AJN-10 platform were locked. The servo signals 
which normally drove the torque motors on these axes were used instead to drive the torque 
motors of the ART-57 platform. The changes in the stabilization servo performance function 
needed to obtain satisfactory operation with the new moments of inertia and new torquers 
were achieved by the insertion of one resistor and one capacitor for each axis; even the 
power stage electronics of the AN/AJN-10 system was found adequate to drive the ART-57 
torques. . th this configuration, the internal changes in the AN/AJN-10 were limited to 
the addition of the two resistor-capacitcr retworks, and all other changes were accon- 
plished in the external cabling. This permitted procedures of maintenance and calibration 
to remain largely unchanged. 


The clamping mechanism used to lock the pitch and roll axes of the AN/AJN-10 platform 
was made adjustable, so that it could be used to align the stable element of the platform 
perpendicular to the input axis of the PIGA. The net result was a PIGA stabilized to the 
true vertical rather than the apparent vertical. The synchro signal on the azimuth axis 
of the AN/AJN-10 platform was available to indicate the heading changes of the PIGA base. 


Laboratory operation of the combined platform indicated that the heading measurement 
errors would be too large if the scale factor of the PIGA were left unchanged. This was 
due in part to the fact that the AN/AJN-J0 is a gyrocompassing system in normal airborne 
operation, and the high gain of a gyrocompassing loop leads to oscillations which take 
some time to damp out. Accordingly, the PIGA scale factor was changed as indicated 
earlier. 


Finally, modification of the circuitry used to indicate the output of the azimuth 
synchro of the AN/AJN-10 was necessary to meet the desired resolution. This modification 
included an improved excitation to the synchro, and the use of a synchro control] trans- 
former, reset to null with the control transmitter on the gimbal at the start of each run. 
This arrangement made use of the fact that the anticipated gravimetric flights were all 
East-West or North-South rhumb-line courses, with anticipated heading changes within plus 
or minus ten degrees. Over this range the linearity of the synchro permitted an accuracy 
of ten arc minutes in heading indication. 


Figure 6 is a photograph of the ART-57 gimbals with both the 25 PIGA and the AN/AJN-10 
platform mounted on them. 


4. TEST RESULTS 


The flight test program was approved in April 1966, and the design and procurement of 
the necessary equipment started. The integration and modification of the stabilization 
system and of the gravity meter was accomplished by the end of September 1966, and sir- 
craft installation followed. By late October the aircraft installation was undergoing the 
first flight checks, and in late November the aircraft proceeded to Carswell Air Force 
Base, Fort Worth, Texas, for initial flight tests over the designated gravity range area. 
The flight patterns followed parallels of latitude and meridians in the general area 
between 34° and 40°N latitude and 95° and 105°W longitude. 


The AN/AJN-10 platform and AN/ASN-32 navigation computer had been designed for use with 
a velocity saturation level of 400 knots ground speed. It had been agreed to maintain the 
KC-135 aircraft speed below this level, but the November flights proved it impossible to 
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keep aircraft speed within the specified limits at the designated altitude of about 7600 
meters. Consequently, the aircraft returned to its hase at Hanscom Field, Bedford, 
Massachusetts, and the AN/AJN-10 system was modified to raise the saturation level to 
500 knots. ‘The modification was essential because exceeding the saturation level caused 
error in platform verticality to accumulate at the rate of one degree in less than five 
minutes. 


The aircraft then returned to Carswell, and seven days of gravimetric flights were 
conducted between December 11] and December 21, 1966, after which it returned once again 
to Hanscom. 


In mid-January 1967 the aircraft had to be released for use in another project, but 
the schedule permitted one more return to Carswell and a few days of flight were possible 
before the aircraft was released. Since that time no aircraft has been available, but a 
C-130 aircraft was expected tc be available in September 1967 for another series of 
flight tests. 


Attempts were made to monitor the quality of stabilization system performance during 
these tests, both by comparison of the platform heading indication with that of the 
Astrotracker, and by observing the platform motion in levelling and in azimuth when it 
was restored to the ground erect mode after landing. Unfortunately, the power transfer 
from aircraft to ground power usually was sufficiently erratic to cause the AN/AJN-10 
platform to downmode and lose the coordinate system it held. Figure 7 is the plot of the 
heading indication shown by the system on the one occasion when successful uninterrupted 
transfer to ground power was achieved; it indicates a change in azimuth of 20 arc minutes. 
Some of the comparisons of the astrocompass heading with the AN/AJN-10 heading indicated 
the possibility of azimuth performance problems in airborne operation. 


After the December flight tests a switch was installed which permitted airborne opera- 
tion using the Doppler system to damp the platform off-level oscillations, while the gyro- 
compass loop was open, so that the azimuth reference was held by the azimuth gyro alone. 
This switch permitted detection of cabling problems which introduced an azimuth error rate 
of about 1.5 degrees per hour, corresponding to about 1.2 milligals, during turns when the 
system was in pure inertial operation. The accumulated error was then cffset by the gyro- 
compass loop which came into operation when the system returned to Doppler mode after 
completing the turn. 


For the C-130 aircraft installation, it will be possible also to observe and record 
the AN/AJN-10 accelerometer signals, thus permitting some observation of in-flight plat- 
form verticality. In addition, switches have been included to permit removing Coriolis 
acceleration compensation, so that, if desired, the platform can operate in the “locai 
vertical minus Coriolis acceleration” coordinate system described earlier. 


Aircraft heading, as indicated by the azimuth synchro of the AN/AJN-10 platform, is 
shown in Figure 8, which represents typical flight conditions. The first half of the 
analog recording shows a period of moderate turbulence, with peak-to-peak oscillations of 
the order of one half degree. The second half shows quiet flight with peak-to-peak 
oscillations of the order of five arc minutes. The Dutch roll motion is evident through- 
out the recording, with a period of slightly over four seconds; the amplitude varies 
from about one arc minute peak-to-peak in quiet periods to about eight arc minutes in 
turbulence, 


Some of the accelerometer results are presented in the next group of figures. Figure 
9 is a record of the PIGA elapsed time, recorded for two- and ten- turns intervals, during 
ground calibration in the aircraft. Ground calibration was conducted before each flight, 
end the PIGA was then left in continuous operation until the end of the flight. Post- 
flight calibrations were also intended, but the power transfer problems discussed earlier 
usuelly interrupted PIGA cperation. The scale of the recordings, in acceleration units, 
is the same, and the ten-turn records are approximately one fifth the amplitude of the 
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two-turn recordings. Thus the variations apparently decrease in.ersely with the averaging 
interval in this region; a similar observation hoids true for one-turn recordings. If 
the observations were considered as velocity readings obtained by integration over the 
appropriate period, the one-sigma value of the velocity readings would be the same for 
two- and ten-turn intervals. This indicates that most of the velocity power occurs at 
frequencies higher than the sampling rate of approximately one reading every 2,1 seconds. 


Figure 10 represents an approximate spectrum of the ground test data obtained from the 
PIGA during an overnight run in which elapsed time for ten turns was recorded, using an 
approximate method of estimating spectra described by Blackman and Tukey*°, The spectrum 
shows a peak in the vicinity of 0.0015 c/s, which represents the oscillation of the 
thermal control system of the instrument. In this particular case, inverting the instru- 
ment would have led to elimination of the peak, since the thermal sensitivity in the 
inverted direction was ccnsiderably lower. 


Some flight records of PIGA output are presented in Figure 11, both for periods of 
turbulence and for quiet conditions. In quiet conditions, the one-sigma acceleration 
averaged over one minute of time with a two-second sampling interval, was generelly about 
2000 milligals. Only twice in all the flights did a value as low as 1000 milligals appear. 
This illustrates the level of vertical acceleration to be expected in KC-i35 flight in the 
smoothest conditions obtainable. 


The trace for intervals of turbulence shows peak-to-peak oscillations up to 140, 000 
milligals in amplitude, again with each reading representing a two-second average. 
Corresponding one-sigma values, averaged over one minute of time, showed a maximum value 
of 40,000 milligais. In more modest turbulence, frequently encountered, one-sigma values 
of 5000 milligals were common. ‘The smallest observed one-sigma for a one-hour flight was 
about 3000 milligals; for a rough flight, about 10,900 milligals was observed. 


Figure 12 shows an autocorrection function of the PIGA data obtained from a one-hour 
flight in smooth conditions, with the data points consisting of elapsed time for two PIGA 
turns, and the corresponding spectral density. The spectrum seems to be relatively flat 
between 0.01 and 0.10 c/s and then decreases slowly up to the limit imposed by the sampling 
frequency. The one-sigma value of the data was 3600 milligals for this flight. 


The results of a one-hour flight in more turbulent conditions, with an overall] one-signa 
of 9400 milligals, are presented in Figure 13, again in the form of an autocorrelation 
function and spectral density. Here the spectrum peaks rather sharply between 0.04 and 
0.05 c/s, this represents the performance function of the aircraft altitude hold system 
which is responding strongly to the turbulent air input. 


During much of this flight, the conventional gravimeters were not in operation, because 
the accelerations exceeded the values at which the instruments would sustain damage. This 
demonstrated one of the major purposes of the flight test series, which was to show that 
the PIGA could continue to measure with satisfactcry accuracy during atmospheric turbu- 
lence. 


The gravimeter readings for test flights over known areas are compared with computed 
values of gravity at altitude, using Stokes’'s formula to compute the values at altitude 
from the observed gravity readings. However, the results presented in Figures 12 and 13 
show the large amount of noise, due to vertical acceleration, present in the gravimeter 
readings. This once again illustrates the importance of a very high resolution barometric 
altigeter in obtaining accurate gravity observations or, alternatively, the limited resolu- 
tion obtainable by filtering methods. 
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5. CONCLUSIONS 


The flight test program has demonstrated the ready adaptability of inertial navigation 
equipment to the measurement of gravity abourd aircraft. It has also demonstrated some 
of the limitations of airborne gravimetry imposed by the lack of a suitably high resolu- 
tion altimeter. Other inertial accelerometers are being tested in gravimetric experiments 
on surface ships, and they also demonstrate the suitability of such sensors to measure- 
ment in this environment. 


In general, inertial instrumentation offers the possibility of holding angular coordin- 
ate systems with high precision, and of measuring linear motions aboard moving craft. The 
measurement of very small angles and of very small accelerations is also possible. It is 
quite possible that such instrumentation can be used to measure the behavior of the atmos- 
phere and of the oceans, as well as for the measurement of the earth’s gravitational field, 
and it is to be hoped that such applications will increase. It is also quite possible 
that the techniques used in building inertial gyros and accelerometers may also be applied 
to improve the design of instruments used in meteorology, oceanography, seismometry, and 
geophysics in general 
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Fig.§ Airborne electronics console 
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Aircraft heading indication from AN/AJN-10 platform 
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PIGA ground calibration runs recorded at two-turn and ten-turn intervals 
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Pilot-estimated spectrum of PIGA overnight ground test. Ten-turn recordings 





Aircraft vertical acceleration as indicated by two-turn PIGA readings, for 
turbulent and qwiet conditions 
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Fig.12 Autocorrelation function and power spectral density of vertical acceleration in 
smooth flight 





Fig.13 Autocorrelation function and power spectral density of vertical acceleration in 
turbulent conditions 
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SUMMARY 


In the past few years portable gyroscopic North-finders for use on land 
have evolved which have errors as low as a few seconds of arc. These have 
mostly been made to meet military needs for survey and gun-laying and civil 
needs for underground survey. Three basically different types of north- 
finder have been used in commercial systems which use respectively a pendu- 
lous gyro, a single-axis rate gyro and a two-axis rate gyro. The basic 
principles and method of use of each system are described and the sources 
of error including those which arise from the environment in which the sys- 
tem is used are outlined. 


It is indicated that present day systems are limited in accuracy by the 
environment in which they are used and by the time available as well as by 
the usual gyro errors. They are limited in their application by their cost 
and this is the field where most development is likely in the immediate 
future. 
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NOTATION 


gyro drift (of single-axis gyro with output axis vertical) 
acceleration due to gravity 

angular momentum of gyro rotor 

mass of gimbal and wheel 


distance between centre of gravity and suspension point of gimbal 
(of gyro-pendulum) 


component of earth’s rotational] rate in the horizontal plane at an argle 
6 from North 


rate indicated by a single-axis gyro when measuring R 


component of earth’s rotational rate in the horizontal plane at an angle 
6+ from North 


rate indicated by a single-axis gyro when measuring R’ 

angle between sphere and case axes of rotation (two-axis rate gyro) 
equilibrium value of a 

period of oscillation about the meridian plane (of gyro-pendulum) 
latitude 

angles, see definition of R and R’ 


angle between plane defined by sphere and case axes of rotation and the 
weridian plane (two-axis rate «yro, 


earth’s rotational rate, equal to 15.0¢1 degrees per hour 








meager te oe 
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PRESENT-DAY NORTH-FINDING SYSTEMS AND 
THEIR FUNDAMENTAL LIMITATIONS 


b. T. Trayner 


1. INTRODUCTION 


Over the past *~cade, advantage has been taken of the techniques exploited for inertial 
navigation tu pr sce portable, light-weight gyrocompasses intended for surveying, 
especially underground and for military purposes. These devices have all been designed 
for operation on a stable, stationary base, i.e. the ground, so the errors to which they 
are subject are rather different to those of the conventional ships gyrccompass, as also 
are the allowable error magnitudes. The accuracy dewanded ranges from a few minutes to 
a few seconds of arc. All gyrocompasses rely on detecting the directicn of the horizontal 
component of the earth’s rotational rate. To place the performance required from the 
gyrocompass in perspective with other inertial navigation gyros. Figure 1 illustrates tne 
rates which the gyrocompass must be capable of detecting to achieve any given North- finding 
accuracy. This is of course dependent on the latitude. 


Three basic types of North-finder have been used in commercial devices. ‘These aay be 
terwed the gyro-pendulum, the single-axis rete gyro aod the twc-axis rate gyro. Their 
principles, basic construction and aethed of use will be briefly described anc the aan 
sources of error and the relative advantages of the different systems wili be diacussed. 


2. FRINCIPLES OF OPERATIONS 


2.1 The Gro Pendulous North-Fiader 


If a rotating wheel (nee Figure 2) is auspendes by a fine suspension ire with the spin 
axis approxipetely horizontal. the equilibrius position 16 when the spin asia lies in the 
ecridian plane. If the system is only very lightly damped, theh equilibrius is aot 
reached for a considerable tive after o disturbance, but anh estimate of the equilidrius 
position can still be sade. QGuch a pundulom has several roden of oscillation, postir of 
short period, dut the desinant. long period aude is one in which.che spin azis Jescribes 
(igsoring the damping) an elliptical cone, with the eafur axis of the eilipes korizgontel. 
the period » of this oacillation in given to @ fire: order by (eee Rotst)on} 


: " 
(a :) ss 


The direction of North 1s the wean of the casteriy and westerly etcursions of - spin 
xis. allowance being wade for the decrement due te the damping. 





2.2 The Single-Auie Rate Gyro North-Fieter 


Bite systes relies on cakitg weamurenents of the horizontal component of the certh’s 
rotation. The value of thia retz & is given by 


R = NQeoah cosa: 


X 








196 


To solve this equation for © without ambiguity a further measurement is required, 


i.e. R' = Scos (t+ DP) cosA , 


where ~ is a known angle. 


In practice, to avoid precise measurement a value of 2 is found where R= R’ , when 
it may be deduced that ¢ = 180° - (£/2) . This is illustrated in Figure 3(a), where R 
is plotted against the azimuth. 


2.3 Two-Axis Rate Gyro North-Finders 


if a two-axis rate gyro is mounted with its spin axis vertical, then, provided its 
sensitivity is the same to all inputs in the horizontal plane, the direction in which the 
Spin axis is deflected will bear a direct relationship to the meridian. In the equilibrium 
position the gyroscopic torque due to the earth’s rotation will be baianced by a torque due 
to the deflection of the spin axis. 


3. GENERAL CONSTRUCTION AND METHOD OF USE 


The North-finder must have some method of transferring its information to other equip- 
ment. The theodolite is the conventional instrument which has been generally used and 
incorporated with the North-finder, A theodolite needs to be a certain minimum height 
above the ground to give it a reasonable field of view and is used on a tripod. This 
practice has been followed with all the portable North-finding systems which, to the 
author’s knowledge, are commercially available, and the gyroscopic unit is mounted either 
above or below the thecdolite. 


Some of the typical features of available North-finding systems are now given. It must 
be emphasized that these are not the only possible systems. 


3.1 The Gyro-Pendulous North-Finder 


A gyroscopic unit of the type already described (Fig.2) is attached to the azimuth axis 
of the theodolite. The wheel is run at constant speed by a synchronous motor. The sus- 
pension wire can be used as one lead for the motor but two other fine leads must be pro- 
vided, which should have as little influence on the pendulum as possible. A pick-off, 
usually optical, is used to detect rotation of the gimbal in azimuth relative to the case 
of the unit. A method of clamping the gimbal is necessary to enable the equipment to be 
transported. 


In use the suspension wire may be adjusted so that the equilibrium position of the 
gimbal coincides with the pick-off null when the wheel is not rotating. With the wheel 
at synchronous speed and the spin axis approximately North, the gimbal is unclamped, care 
being taken not to excite the unwanted modes of oscillation. As the gimbal swings the 
theodolite is rotated in azimuth to maintain the pick-off at its null. The turning points 
of the swing can be read from the theodolite azimuth circle. Three such turning points are 
required as a minimum to estimate the equilibrium direction of the spin axis. Turning the 
theodolite in step with the gimbal avoids twist in the suspension and enables the torque 
for this suspension to be kept zero. This may be done manually by the operator or, at the 
cost of greater complexity, automatically. 


No attempt is normally made to mechanically align the spin axis, the pick-off and the 
theodolite telescope or circle, but the instrument is tested against a known direction and 
a correction factor is found. Ancillary equipment required in the field is an alternating 
current source of constant frequency to drive the spin motor. 
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3.2 The Single-Axis Rate Gyro North-Finder 


The gyro which has been used with this type of Noerth-finder is the single-degree-of- 
freedom rate integrated gyro similar to that commonly used in inertial navigation systems. 
The gyro is converted to a rate gyro by an external electronic circuit, which takes the 
output from the gimbal pick-off and feeds a current to the gyro torque motor proportional 
to the gimbal deflection. This gyro, with its output axis vertical, is attached to the 
azimuth axis of the theodelite. The gyro input axis is in the horizontai plane and the 
current in the torque motor is proportionai (forgetting gyro errors) to the component of 
the earth’s rctation in a particular hor!zontal directicn. 


In the field the method of use is as indicated in Section 2.2. Two directions are 
found in which the rates indicated by the gyro are the same, the directions where the rate 
is zero being chosen since these can be most accurately found. The fact thet the rate 
indicated by the gyro differs from the actual rate by some quantity due to gyro drift is 
of no consequence provided this drift remains constant. If the gyro drift is D and the 
rate indicated by the gyro is shown by the suffix I. then 


R; = R+D 


¢ 


R; =P 
and if R, = R; then R=R’ . 


This is illustrated in Figure 3(b‘, where Ry is plotted against the azimuth of the 
gyro input axis. 


It is not necessary to point the gyro input axis exactly to find the direction of zero 
indicated rate. Provided the input axis is close to the direction, a correction can be 
made with sufficier: accuracy from the actual rate measured. 


As with the gyro-pendulcus North-finder, mechanical alignment of the gyro unit with the 
theodolite is difficult and the usval procedure is to calibrate. 


Ancillary equipment required in the field consists of an alternating current source of 
constant frequency to drive the spin motor, a heater supply and temperature controller to 
Maintaii the gyroscope at constant temperature, and the electronic circuitry gyro between 
pick-off and torque motor already mentioned. 


3.3 The Two-Axis Gyro North-Finder 


The gyro which has been used in this type of North-finder is illustrated in Figure 3. 
A spherical rotor is supported on an serostatic bearing within a case which is in turn 
mounted on a pair of bearings and rotated at high speed about a vertical axis. in the 
absence of any external rate the sphere and case would rotate together on a common axis, 
but the earth's rotation makes the sphere axis move in a westerly direction to an ohserver 
looking down on the gyro. As the two axes diverge a torque is gel.eraced between sphere 
and case, due to the viscous forces, which tends to precess the sphere axis >ack into 
coincidence with the case axis. In the equilibrium position the plane containing bota 
the case and sphere axes makes an angle ¥ to the meridian plane given by 


~ = 90° - a, tandr, 


where a, is the equilibrium angle between case and spin axes. 


A small mirror is mounted on both the case and the sphere, normal to the axes of rota- 
tion. Using an autocollimating eyepiece on the theodolite the attitude of both axes may 
be determined. 
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&nctilary equipment required consists of a power source for the drive motor and a 
compressor to supply air to the bearing. 


4. ERRORS IN NORTH-FINDING 


For convenience the errors which arise can be considered as originating in the gyro, 
the rest of the system or from the environment. Time is an important parameter with many 
of the errors, and time also affects the number cf North determinations which can be made, 
which influences the effects of truly random errors. Time is all-important to the mili- 
tary user; the civil user is prepared to take longer if it gives a definite improvement 
in accuracy. The consequences of this will be discussed at greater length. 


4.1 Gyro Errors 


With the gyro-pendulous and single-degree-of-freedom rate gyro any gyro error arising 
from an unwanted torque acting on the gimbal] can be allowed for, provided that it is fixed. 
Such torques may arise from the gimbal suspension, the gimbal pick-off, the method of 
conveying power to the gyro wheel and by the action of electric and magnetic fields (which 
may be generated by the gyro motor). With the single-axis rate gyro it is only essential 
that these torques remain constant during a measurement. Their absolute value does not 
affect the calibration. However the torques which act in the gyro-pendulum which cannot 
be checked whilst the wheel is not operating, i.e. any which arise from the motor field, 
can only be allowed for in the calibration, and any change will affect the calibraticn. 


By virtue of its construction the only torques of those just listed likely to act on 
the sphere of the two-axis systems which has been described are those from the air bearing 
support, and these average to zero as the case is revolved. 


A further source of error in most gyros is the relative position of the centre of 
gravity of the gimbal and the centre or axis of suspension. This is of no consequence to 
the single-axis gyro, since the axis of freedom is vertical. The penduicus-gyro uepends 
for its action on a displacement hetween the two, and is not affected by minor changes in 
their relative position provided that they do not occur during a measurement. If such 
changes occur suddenly a change in the amplituae of the swing takes place, and readings 
before and after the change cannot be related. If the centre of gravity should move 
steadily (a ‘ramp” in inertial gyro terminology) then there will be a shift in the indi- 
cated North, but such ramps would have to be very large to nave a significant effect, Any 
displacement of the centre of gravity of the sphere in the two-axis gyro ncrmai to the 
spin axis is of no concern, since, as with the suspension torques, the resuJtant tcrque is ‘ 
averaged to zero. However, any displacement of the centre of gravity from the centre of 
suspension along the spin axis has an immediate effect when the spin axis moves from the 
vertical. This gives a deviation of the indicated North which must be allowed for by 
calibration. 


There are other sources -f gyro error which generally are of no concern to an inertial 
system but which adversely affect the North-finding system. These are errors which give 
an appreciable error over the time a North-finder must be used, but never integrate to a 
large enough value to affect a typical inertial system. One of tlese is the effect of 
movements of the spin axis within the gimbal or, in the case of the two-axis gvrn, move- 
ment of the case rotation axis. These movements can and do appear, especially when the 
axis is defined by a pair of ball bearings, where they have a tendency to be periodic due 
to relative motions of balls end cages within the bearings. As an illiustratiot o7 their 
possible effect, a 0.1 second of arc shift in the spin axis over 100 seconds of time may 
be considered as a drift of 0.0019 /hour, , 
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4.2 Other System Errors 


The gyro unit in the case of the gyro-pendulous or single-axis North-finders as des- 
cribed is mechanically coupled to the theodolite vertical axis, and the calibration 
factor depends directly on the angular stability of this coupling. This does not affect 
the two-axis rate gyro where the theodolite is also used as the gyro pick-off, but a 
considerable error can arise with this system because of the read-out. It defines a plane 
by two lines (the two axes of rotation) which are typically of the order one degree to 
each other. This means that, to attain an accuracy of one arc minute in the north deter- 
mination, the spatial attitude of the axes must be determined within one arc second. It 
is very difficult to increase the angle between the axes, since this means reducing the 
viscous drag between sphere and case, which can only be done at the cost of large clear- 
ances in the bearing, much higher gas flows and hence larger compressors. 





4.2 Errors Due to Environment 


In the Introduction it was stated that the North-finders discussed were for use on a 
stationary, stable base, but stable is only a relative term and the very small tilting 
motions which occur in the ground and in the support structure used to carry the system 
are critical to the accuracy of the North-finding systen. 


These tilts may be continuous or periodic. Continuous tilt can arise from differential 
expansion within the support structure (usuelly a tripod) due to temperature or humidity 
effects and from sinking of the support structure into the ground. Oscillatory tilts are 
always present in the ground and are greatest near moving vehicles, machinery etc. A 
further cause is wind-excited vibrations of the support structure and gyro-theodolite. 


The gyro-pendulum is effectively isolated from the continuous tilts (provided it is 
not damped in any way) and they should have no effect on it. The two rate gyro systens 
cannot distinguish between such rotations and the polar rotation of the earth, and will 
therefore produce an error. These errors can be allowed for by measuring the rate and 
direction of tilt of the gyro-theodolite relative to the local vertical by some other 
method, though this has not generally been done. 


The oscillatory tilts have two effects. ‘They give a periodic component to the output of 
the single-axis rate gyro and an oscillatory indication of North from the two-axis rate 
gyro, but these frequencies are generally above 1 c/s. The other effect is the rectifying 
effect known as “coning”. If the input axis of a rate gyro is forced to describe a cone 


the instrument sees an input rate which is equivalent to the solid angle of the cone in 
the time taken to describe it. 


This is unlikely to affect the two-axis rate gyro because, at frequencies above about 
0.01 c/s, the gyro behaves as a free gyro, i.e. the spin axis does not appreciably move 
from its spatial position, but the single-axis gyro will see the error in full. To 
illustrate its magnitude, if the input axis describes a cone of semi-angle 2 seconds of ’ 
arc at 10 c/s. this is equivalent to an input rate of 0.0006°/hour. 


Though the pendulous-gyro is effectively isolated from such oscillatory tilting of the 
gyro system, similar errors can arise due to lateral vibrations of the suspension point, 
especially if the vibration frequency lies close to one of the basic pendulous frequencies. 


Such effects could be reduced by damping the pendulum, but this would wake the systen 
sensitive to tilts. 


5. THE INFLUENCE OF TINE ON ACCURACY 


5.1 The Gyro-Pendulous North- Finder 


Systemat‘.c errors such as are due to wrong calibration, unwanted gimbal torques etc. 
are not reducsd by long time of testing, but those due to transient effects, randoa 
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observer error etc. will reduce as the inverse of the square root of the number of turning 
points observed. Certain other errors due to the environment may be reduced by North- 
finding at several distinct points and correlating the results. (This is true of the 
other two types of North-finder as well). It is obvious that the feature which determines 
the number of readings which can be taken in any given time is the period (see Equation 
(1)) and from this aspect the shorter the period the better. However, we require a large 
value of H (to keep the effect of unwanted torques small) and a small value of M (to 
enable a delicate low torque suspension wire to be used). This leaves the length 1 as 
the only other feature which is under the designer’s control. This is limited by the 
physical size of the system and the increase in M which is necessary if the gimbal is 

to be kept as a rigid structure. The majority of commercial North-finders have periods 
of between five and ten minutes. 


5.2 The Single-Axis Rate Gyro 


There are three factors to be considered, the time taken to obtain a reading, the time 
between successive readings, and the number of readings. The number of readings influences 
the probability of error from random causes, as with the gyro-pendulun. 


The time between successive readings should be short to reduce the probability that the 
gyro fixed torques have changed, but the time taken over each reading must be long enough 
to allow the averaging or smoothing out of the transient rates which are always present, 
and time must also be allowed for certain systematic effects to disappear after the gyro 
has been aligned to a new azimuth. These effects are dependent on the method which has 
been used to define the output axis of the rate gyroscope. If the gimbal is supported on 
jewels and pivots, these must operate with clearance and the gimbal has a finite angular 
freedom about the input axis. Before an accurate rate reading can be made the output axis 
must have reached a stable position, which depends on the vertical component of the earth’s 
rate. The time taken to reach this stable position is largely dependent on the damping of 
the gimbal about the input axis. This damping is very high with the conventional design 
of single-axis rate integrating gyroscope but it may be reduced by, for example, introdu- 
cing channels into the damping gap. 


5.3 The Two-Axis Rate Gyro 


A North value may be taken with this system from the moment the system has been set up 
and the case and sphere run up to speed. When the sphere is decaged the axis of the sphere 
immediately commences to move off in the East-West vertical plane, and the accuracy 
increases as the divergence between case axis and sphere axis increases. The angle between 
these two axes a is given to a first order by 


-t/t 
a= a,(l-e °) 


where @, is the final, equilibrium value of 2 and t, is time constant which will 
have a value of the order five minutes if a, = 1°. 


After the sphere axis has approached its equilibrium position, extra time can be used 
to take repeated observations in the theodolite, taking the usual step of reversing the 
horizontal theodolite azis between readings. 


6. COMPARATIVE PERFORMANCE 


Performance is, as always, largely a question of what one is willing to pay for, no 
wetter whet system is being considered. The following comments are, necessarily, very 
general. 
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There is very little published data on the two-axis gyro system; it has not been 
developed as extensively as the other two, and it is difficult to make a comparative 
assessment of its potential as its main problems are essentially peculiar to that system 
only. 


Of the other two systems, the gyro-pendulum is relatively simple in construction but is 
not so simple to operate and the suspension is prone to damage. It can be made easier to 
operate Dy the addition of automatic read-out svstems or by the inclusion of damping, but 
these increase the cost and complexity and the second feature can increase the liability 
to error. The single-axis rate gyro is both very rugged and easy to operate. The res- 
ponse of the two systems to their environment is different, i.e. the undamped pendulum is 
affected by horizontal vibrations, the single-axis gyro by tilt and the damped pendulum 
by both. There is not enough evidence to indicate which of these is likely to be the more 
severe problem, but the fundamental limitations of the simple systems which have been 
described are from the environment and not the mechanics of the system. To overcome these 
limitations it will be necessary to isolate from the environment or to measure the effects 
by other instruments and make a correction for them. 


There is not a great deal of difference at this stage of development between the 
accuracies claimed by the different manufacturers; typically these are of the order one 
minute of arc half an hour after setting up, improving to ten seconds of arc after 
repeated reudings. 


7, FUTURE DEVELOPMENTS 


North-finders are now available which will, in the field, meet most of the accuracy 
requirements of potential users. Future development must be aimed largely at reducing 
both the capital cost and the operating cost of the equipment. This development will be 
very much influenced by the parallel development of inertial navigation systems where the 
aim is similar. New types of angular rate or displacement sensors ere reported regularly 
and some of these may be adaptable for use as part of a North-finding system. Past 
experience has shown, however, that the mechanical design of the system is only one factor, 
Developing a suitable operating technique is of equal importance to the overall accuracy, 
and, as emphasised in the previous section, the environment in which the systea is used 
must be carefully considered. 


At present we often calibrate our North-finders by comparison with a datum ubtained 
from astral survey. In the next few years it is reasonable to expect that this el] not 


be adequate and that the gyroscope will rival in accuracy the older sethods of determining 
the seridian. 
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SYSTEM PARAMETERS AS CONSIDERED IN THE DESIGN 
OF A SMALL INERTIAL NAVIGATION COMPUTER 


J. Kydd 


1. INTRODUCTIONS 


The system design of a smal] digital inertial navigation computer (DAN Mal) will be 
discussed. The physical layout of the computer will be described briefly. Special 
attention will be paid to the factors and trade-offs which established the necessary word 
size, storage capacity, computing speed, and the interaction of seusor characteristics 
with those of the computer. The computer operates with whole binary numbers and with a 
fixed binary point. It has been described briefly elsewhere’+*. Figure 1 is a recent 
photograph. The computer exploits the “ORDIC algorithms for trigonometric computation?” °, 


The following problems have been programmed: 


(1) The inertis] navigation problem with system axes chosen tc be unipolar wandcer- 
angle. 


Present position longitude and Latitude (App) are copputed frow x and y 
accelerometer inputs. 


(2) Course and distance to current destinetion nr to alternate destination. ‘the 
mumber of possible alternate deatinetions is four. 


(3) The definition of flight-path. (Ground speed, ground track angle). 
(4) Time-to-go end estiaated tise of arrival (ETA). 
($) Peth contro]. (Distence crosa-treck, steering crror signal). 


The probleas l‘sted apply to ‘Navigate® sode. the sechanization is thet of an inertial 
pavigetion eander-angle systee and eainly follows the prescription of the Avionics 
Laboratory st Holloman Air Force Base’. ‘There is alsc a program to align the systue ca 
the ground. 


In navigation aode, the control loop containing the computer consists of the follosing: 
platfore 149. and 2 acceleropeters - 2.y . oad 2 voltage to frequency converters 
(quantigers) < computer x and y velocity registers - computation of x.y,2 angular 
spece rates - computer --eodulation circuits - pletfore gyron. ‘This locp #ill be traced 
through to establish the interaction of computer iteration-rate with input and output 
circuits. Special attention will be paid to scaling prodleas, particularly of double- 
precision operations used to calculate Coriolis terms and direciion cosines. Figure 2 
is & system diegres giving the fiow cf data (relevant to the above contro] loop) through 
the couputer. 


Referring to the figure, it is evident that the sain syaten inputs are sign and eagni- , 
tude signais of @.q’.@ _ these ere, in their turn, outputs of voltage-to-frequeacy 
converters (siso called “quantizers”). The besic circuit of a qaentiaer is as Figure 3. 
The 3.c. inputs to the quantizers come from the correspunding accelerometers on the 
inertial platfora. the other system input, hy . is barometri: altitude from the air-date 
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system. It is used to compute vertical velocity, v, , output from a baro-inertial 
vertical velocity comrntatien loop. Another input to “input gating” is not shown in 


Figure 2. It is a data word read in on one line from a digi-switch in the control console. 


For the moment, the physica! forr of the inputs and outputs will not be specified, but 
the information which they represent will be traced through the computer. Each input and 
output word has a definite addrese in the Scratch-Pad memory. Because the latter is a 
dynamic re-circulating deJay line, the word-address is determined by the time at which a 
given word and its bits are availe>ie at the output of the line. The basic timing organ- 
ization is represented in Figure 5 


The major-cycle is the « ectrical length of the delay-line loop. A typical word- 
address is defined by specifring the proper minor cycte, bit, and line, i.e. m°G, B? 
The word-address thus also specifies the input gsi ing control suitable for entering a 
given word. All the input signals sre synchronous with the major-cycle time-base of the 
computer. A given word consists o1 26 bits and each bit of the given word occupies the 
specified bit-position in one to 26 groups. ‘The total capacity of the memory (2 similariy 
organized lines) is 104 words of 26 hits. The 4 output lines which are permanently 
connected to the computer are shown on Fixure 2. ay Gh, Wy are the angular space rates of 
the platform used to torque platform gyrcs. -, is a steering error signal intended to 
keep own-craft on the true course to tarect. These variables are avaiiable to the output 
on one line each in the form of A-moduiation (to be discussed presently). 


The information progresses down the delay-iine memory and normally emerges from the 
Sorter to recirculate into the ‘A’ input. This is the re-circulation loop. The Sorter 
also has a facility to erase a given word from the re-circulating flow under control of 
the program. The Memory has random-access capability. The main function of the Sorter is 
to extract a word from any memory slot specified by a fetch address and place the word in 
one of four data positirs, y,x,0,k . This is required by the arithmetic unit which works 
the CORDIC algorithms. The main CORDIC operations which have been mechanized are specified 
in Figure 6. 


The Buffer i+ a small re-circulating memory of 4-word capacity (y,x,9,k) . It provides 
en interface between the memory and the arithmetic unit. The four words in the Buffer 
transfer to the Shuffler at a suitable time. This data is the input to a CORDIC operation 
as specified by tie program. 


The Shuffler separates the data stream into two streams containing the same data but in 
different order. For a given operation, the data re-circulates back to the Shuffler, for 
a total of 26 passes through the variabi}> delay. The output y,x,0,k have now been 
generate and appear in the Buffer. The result is then transferred back into any memory 
slot specified by the return address portion of the instruction. 


Transfer operations, of which there are several, ure treated as a special case of 
Multiply. A Compare operation has also been mechanized. 


The outputs shown on Figure 2 are computed frcm programmed torquing algorithms. These 
will be described later. 


2. PROCESSING OF ACCELERATION PATA INPUT TO THE PROGRAM 


The design equations of the quantizer are 


A 
Rit) = i fop (1) 
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where fop = the repetition rate of the clock pulse train driving the quantizer (as shown 
on Figure 3). 
A, = the quantizer design maxioum (of input acceleration, A). 


R¢)= pulse repetition cate of quantizer outputs (typical waveforms are shown in 
Figure 4). 


om 
W 


1 static gain measured from input of quantizer to input of level detectors. 


Yr 
W 


2 static gain measured from feedback input c*° integrator to input of level 
detectors. 


& 


positive trip level (volts). When d.c. level at input of positive level 
detector is 24B, then the detector output is unambiguously switched to 
its 1 level. 


Ve = magnitude of d.c. level switched to its output by either feedback driver 
switch when +1 is on its input. 


K = volte per g scale factor of accelerometer output (as connected to quantizer). 


a 
1 


= the breakout number of the quantizer output = number of frame-times to the 
first output pulse. (It is the first integer greater than A,/A). 


=z 
4 


the period number of the quantizer output. 


p = the number of output pulses in q frame-times after breakout. It is the 
first integer lower than a/N’ . ‘The frame-time for breakout is counted as 
Q=1. 


If T is the frame-time of the quantizer output (it is the pulse-width shown in Figure 
4), then T= 1/2fop . Other useful relations are 


Tp = aT (6) 

Dp 
R, =, = , @ 86s 8 7 
aq ar qa 1, 2 (7) 


where Tp = the breakout or dead-time of the quantizer. 
Ry = the q&! estimate of the output PRF. 
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Equation (7) is applicable only after breakout. 


In this system, the quantizer clock pulse train is the major-cycle waveform of the 
computer. 


This choice makes fop = 1/(676 us) = 1.4793 kHz and also gives any quantizer output 
pulse ready access to a suitable memory slot, Q%,Q’,Q2 (without any loss of quantizer 
output pulses). 

Each of the three quantizer output lines have the same scale: 

Mode Scale 
ALIGN /CALIBRATE 64 x 15 pps = 0.96449 metre sec™” 


NAVIGATE 15 pps = 0.96449 metre sec™* 


Qnly the NAVIGATE mode will be considered here. 


The least velocity increment delivered by e quantizer to the computer (represented by 
one quantizer output pulse) is 


0. 96449 * 
he cee Oe metre sec’). 





(8) 


2.1 Adequacy of Design Parameters of the 
Quantizer-Computer Interface 


Whether or not the design parameters of quantizers as quoted above are adequate from 
the system point of view, can be answered by the following rough argument. 


Test the quantizer by applying a step-function of acceleration of value equal. to the 
accelerometer threshold, A= 5.0 x 10°°g. The true velocity at the output is Ve = At. 
The error Av = vy - Vr is plotted in Figure 7(a). The time-base is established by 
computing the breakout time and period of the output waveform. Equation (8) gives the 
velocity increment for each pulse, Av ¥ 0.212 ft sec™', and A, ¥ 9.75¢ . 


Thus Tp = nT ~ 65.8 sec. 
N'T = 3.9 x 10° x 338 x 107° ¥ 132 sec. 
The amplitude of Av varies roughly between +0.1 ft sec™?. 


The plot of velocity error shown exhibits an error source; it is not the propagated value 
of the error. It is likely that a velocity error of the form shown is less detrimental to 
tne system than is an initial velocity (offset) error. The latter type of error gives rise 
to a system position error!® of 


A 
Ax = ao sin apt , (9) 
a, 


where ‘4; is the angular Schiller frequency. This equation applies to a tangent plane 
system but it should apply approximately for short-time missions. If Ax, = 0.1 ft sec”, 
then the maximum Ax ~ 80 ft. This is negligible compared to a position error propagation 
for an inertial system (short-time mission) of typically 1.25 nautical miles per hour of 
flight!?, 














eee 


Figure 7(b) is a plot of the velocity quantization error for A= 2.0g . The input 
pulses are collected during the “fast loop” iteration time of the computer, Tp (calcu- 
lated in the next section). ‘The d.c. component of the waveform show is about 1 ft sec™?, 
If this number is used in the ssme rough argument made above, the maximum Ax © 800 ft. 


In practice, the position-error due to this source should turn out to be considerably less 
than this. 


3. SYSTEM PARAMETERS OF THE COMPUTER 


3.1 Word Size 


The word size had to be determined not only by the presently contemplated use (inertial 
navigation) but also other possible applications of the computer. It was assumed that 
angle numbers required a 20 bit word-length. ‘This is suitable for a Stellar Inertial 
Doppler system, where stellar bearing and elevation have 2! bit accuracy. ‘The resolution 
out of 360° is 1.2 sec. It is true that most shaft-angle to digital transducers in use 
in most systems have not the accuracy indicated above. 


An error analysis of the CORDIC algorithms used showed that a 26 bit word-length was 
necessary to achieve the order of accuracy indicated. 


3.2 Itcration-rate of Programs 


The computer updates the angular space rates of the platform (Gig, Wy, Wy) at the highest ae 
computing rate. 


The iteration-rate required may be computed roughly as follows: 


min (AG 2 set , 
1 aye ———— = 0.033 sec . 
max (a, ) 60 deg hr 
where 2 Set = minimum anguler increment of the torquing waveform output from the 
computer. 
60 deg hr=! = 


the maximum angular space-rate (of ay, ay, @,) in the wander-angle 
system, NAVIGATION mode. 


Each operation executed by this computer requires two inatruction words (each of 32 
bits). An analysis of the present programs shows the following allocation of instructions: 


Constants 41 

Align, Gyrocompessing, Calibration 132 

Navigation 278 ' 
481 


The present Read-Qly Memory (where these instructions are stored) has a capacity of §12 
32 bit words. 


The NAVIGATION program effectively consists of the fullowing “fast” and “slow” blocks, 
computed in the order given; F, Si, F, 82, F, S38, F, 84. The fast block coatainsa 22 


operations, whereas each slow block contains 20 operations. Each operstion requires 676 
us to execute. 


The torquing variables Uy, My, @ are computed in the fast block. The iteration 
time for the fast block is thus (168/4) x 676 x 10°° ~ 0, 028392 sec. 











214 


The same iteration-time also applies to the computation of torquing variables <n 
ALIGN modes. 


The computation of azimuth angles in a wander-angle system is a thorny problem with 
some connection to computer iteration-rate requirements. 


In Figure 8, various azimuth angles are defined relative to true North (N), platform 
x-axis (Xp) , and aircraft longitudinal axis (x4) . These angles are platform azimuth 
angle () , true heading () , and platform wander-angle (8) . The block (P) denotes 
platform azimuth servo. The block (C) denotes the digital computer and (c’) is 
another computation block (possibly not included in the computer). The problem is whether 
or not C’ should be part of the digital computer or part of an external “Heading” servo. 
A complete discussion would entail a comparison of the economics and physical character- 
istics of a digital heading servo (driven by 4) or the use of synchro/digital and digital/ 
synchro converters. There is considerable activity in the development of the latter 
devices at the present time®. Our Company at Woodland Hills, California, is also active. 


The present system assumes that an external heading servo is used. ‘There are no azi- 
muth slews under computer (and hence gyro) control. Eventually, a mixture of the two 
alternatives may be used. Azimuth slewing in ALIGN mode may be done under synchro control 
as (B) in Figure 8, but the computation of #= 6 - in NAV mode may be done by the 
computer. The computation must be done at a fairly high rate. d = p and ¥' can change 
rapidly in a fast horizontal turn. The iteration-time required, if one allows a lag of 
0.5 degrees between computed and true heading, is as follows: 


Ad 0.5 deg 


Tl. === = — sec. 
4 > 20 deg sec”! 40 


In the azimuth control of Coarse Levelling typified by (B) of Figure 8, the external 
servo requires to know whether the angle 4 equals 360° or equals 90°. This is required 
because alignment of the platform can take place with x or y axis North as required 
by a calibration procedure. 


The NAVIGATION program updates navigation vaciables like those listed in the Introduc- 
tion at 8.8 times per second. 


4. INTERACTION OF THE COMPUTER WITH QUANTIZED INPUTS 
In this section it is necessary to do some scaling. The convention is followed that a 


physical variable is represented by a symbol with a bar, For exemple, in the case of 
earth-rate, 


f = (gr), where (SF1) is the scale factor and the value of © is a 
number in a register of the computer (Max || = 1). 


Velocity components in directions given by platform axes are computed typically as follows: 


- t - 
y= I (A, - (a + Th )v, + (ay + Thy) dt (10) 


and there is a similar equation for vy - 


the term involving the acceleration input is approzimated using Equation (1): 


t t nN 
are [ns atx & s Te), qa) 
[i fe i, te it ° 
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where Nctp) is the number of quantizer pulses collected in the “fast block” iteration- 
time, T, . The value of Tp was given in Section 3. 


Quantizer input pulses are added into a register of the computer, oy , which is reset 
every iteration time, However, each pulse from the quantizer line is not added into the 
least significant bit position of the register (2°75), but rather into the position (2°38), 

This is done to force the scale factor relation SFQ, = SFv. 


a = Aa (12) 
fos (Tp) 


Ay 
Se acme N 
% fcp(SFv) TP) 





Min A = Ae = gvié. 
% top (SFY) 


This equation determines the SFv. 


The corresponding finite-difference equation in machine variables is 


SFY | 
Wy), = Ws + (Q), + Tp cae {,. (Wy), = (ay) o,.}: (13) 


The scale factor of all angular velocities is (SFv,/2) where a is earth-radius. 
However, there is a problem (described in the next section) when one tries to add the 
last (Coriolis) term into the v, register. 


3. “DOUBLE PRECISION” OPERATIONS IN NAV MODE 


In the DAN computer programs it is necessary to maintain certain numbers to an accoracy 
greater than is possible with the present word-length. ‘the two problem areas where 
“double precision” is required are the following: 


(i) Computation of Coriolis terms to be added into a velocity register. (See Eqation 
(13)). 


(41) Computation of direction cosines from the corresponding rates of change. 
The computation of Coriolis terms is considered here. 


A typical Coriolis term is 


“ 


Vy = (Gy e yw, - oy + Yovy . 


Consider the case hen v, 0. ‘The scale fector of the C, register is (aPy)"/a 
9.13 ft sec”? . The saximua of (a, + Spy, = 1.405 rad ft sec”’. ‘Therefore the 
eaxious (Ww, + M,)v, = 2°? . 


The precision to which (a, + fl,)v, aust be expressed can be estimated thes: 


Ow, + yey : av, P buy + D) 


(a, + ov, ty (y+ fh) 
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4S 6 
Take Ssooons eg Oa) 
— @, + %) 


a 10". 


vy 


Aw + Ny)vy _ 


3x10 *xoi?. 
(w, + Oy yvy 


Therefore 


Thus the nuaber (w, +,)v, should extend in the C, Tegister from about 2°° to 2°'*. 
According to Equation (13), this number is then sultiplied by Tp(SFv/a) to produce a 
term suitable to add into the Vv, register. Call this tera vy . From data already 


given, one calculates 


Max v x oi. 


This term v. would extend in the v, register approximately fron 2°'* to 2°. However, 
the register length extends only to the 2°25 position. Thus significant places would 
ordinarily be rounded off. 


In a typical situation of each of the problems listed above, a smel] term multiplied 
by a factor T,(SFv/a) is to be added into another register at each iteration of the 
“fast loop’. However, this would entail dropping significant places of the small ters. 
The following double-precision operation is used instesd. 


Consider two registers A and B. A is construed to be wore significant ond B less 
sigificent. Let the small tera be C, and the variable in A be v, . The object is to 
add \, into v, as described above. One way to do this is as follow: 


(1) Accusulate Ce in the register B. 
(2) Test B for significance in the A register. 
(3) When B is dignificant, transfer the significant part of B to the A register. 


(4) Reset B to the insignificant part of B. 


Note that the A register receives the accumilation of saell teres from B which are sig- 
nificant in A and iemediately when they become significant. Bits in B which ere sot 
transferred are not lost; this procedure is sot difficult to program on our coaputer but 
the actual programming cannot ve given here. 


6. COMPUTER-GENERATED PLATFORR-TORQUING BAVEFORES 


Output torquing waveforeas on three output lines, Mh ay, , are generated by operations 


om three registers in the computer cased t,.T,. ty, j 


The came genereting algoritims ere used ia al] aodes whether Coarse Lewililiag, @ro- 
compese/ag, or Navigation. 


The algorithms are 
(Ty dgo, - (Tyg + Rg Sim (Ty)4 = (Dios 
(Tyger - (Ts ¢ he sig (hh as te 


(Tygo, > Ty), * Ry Ste (TD, = HI4., - 
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The transition itl“ i signifies an elasped time of Tp , the iteration-time of the 
“fast loop” in the program. The functions written on the right-hand side of the equatiovs 
ere forcing functions for the waveform generation. They are the current values of the 
appropriate angular space rates required to torque the platform and as computed by the 
progres. 


The waveforms on the output lines are formed merely by sampling the sign of the 
T,. Ty. Ty registers as appropriate and as indicated in Figure 9. 


For illustration, the torquing equations of Coarse Levelling (in ALIGN mode) will be 
outlined. 


6.1 Torqing in Coarse-Level ling 


Earth-rates are taken to be zero in coarse-levelling. In the program earth-rates are 
loaded with zero values and non-zero values are first calculated at the start of fine- 
level ling. 


The iteration time for torquing is the same es that calculated previously and is 
0. 028392 sec. 


6.1.1 x and y Torquing in Coarse-Level ling 
(The equations are the seme for X-axis North or Y-axis North). 


T, T. 1, are registers used to establish torquing output waveforms on three output 
lines 4, . For x ond y, the algorithes mechanized are 


Let “OQ, # 0" be denoted by Q 
“Q, = 0" be denoted by % and so on. 


The state of the input registere is then specified by 


Case }: a Qa 
Case 2: gy a 
curs 4 
Case 4: % Q ‘ 
These four cases are covered by the program es follows: 
Case }: 
(Tr )gey = (Ty - Cy Siem (7), -C, sim]. «=, = Cy 
(True, = (Bd, > Cy Siem (Ty, * C, lm (&y - 
Case 2: 


Type, = (Edy > Cy stem (Ty - C, im (Q), 


(TH ger = (Hy a c, siga (GH . 
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Case 3: 


it 


(Ty gay (Tr), - C, sign (I); 


it 


(Ty da o4 (Ty), - Cc, sign (Ty)4 + Cc, sig (Q)4 . 


Case 4: 
(Tyo, = (Tyg > Cy stem (Ty), 
(Tae, = (Ty - Cy stam (Ty), 


The interval i- i+! , marked by index i is the time between successive octals (112). 
This is the iteration-time computed in 3.2 above. 


6.1.2 z-torquing in Coarse-Levelling (X-uxis North) 


Case 1: 
Q + 0.  (Tedye, = Cy sim (Q), 
Case 2: 
Qi 0.  CTydygoy = (Tyr - Cy Shem (TZ), - 
Yor Y-axis N, replace Q, in Case { by g . 
6.13 Scaling Relations 


According to the list of constants, C,=C, = 100C, . 


rr 
kK is the seme as in NAV aode. 


Mex ©, = mer 8, = 960° br”! 


Ld] 
U 


2 2 6 or’! 


Angle Incresent of (8 8) waveforms corresponding to one iteration-tiee interval = 
(Maz ©) OT = 960 eet vec ' «© 42 + 676. 107° sec 


= 10.1 sec. 


Angle Tecrement of (@,) waveform corresponding to one iteration-tise interval = 
(wax 0.) OT = 1.7 Ge. 


Ratieste of tise required to develop a qaentiser input pulee rate of 1 pulse per itera- 
tion (compare ain ¢ = 12.5 sTh as calcvlated below) is 


2.8. 


se 
oe OS 2 00 
sec” * 


-~ 














seen eget nen —oenes oneness entntstrarannsanen case mentees aemnaerimnt 
cee a a ET SC LL AT 
" 
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6.1.4 Computation of C, 
Remember C,=C, and (SFv/a) = 0.6606504 x 10°° sec”. 


. Using 1° = 17, 453292 milliradian, 
ae: 60° br"! =O «_:17. 453292 « 10°" 
: SFV 0. 6606504 « 3600 « 10°° 
a 
0. 440305795 . 
6.1.5 Input Sensitivity 
There are two input pulse trains from two quantizers Q, . Each input pulse is 


added into a sesory slot sarked Q.g as appropriate, but at the 2°'* point of the 
register instead of 2°75. 


In align and calibrate modes each quantizer pulse (input to the computer) has the 
following calibration in terms of platform accelerometer output, KA, or KA, : 


64 « 15 pulses sec”' = 0.96449 @ sec”? . 


6.1.6 Interpretation of Input Sensitivity 


the following calculations are not required in the present progrem for scaling but 
they do establish useful interpretations. 


Least velocity increment input to DAN corresponding to 1 input pulse from quentiaer is 


0. 96449 


@ sec 
64 * i5 


Scale factor of @&.a@ registers 





0.96e49 = 2°° i 
Om, PG a 8 =< 
using 2'* = 63536 exactly 
la = 3. 2808309 ft 
SFQ, = SPQ, = 216.0188 ft sec™'. 


mzioun somber of pulses entering Q or Q = 42. 


Mazinue of wean acceleration (everaged over an iteration interval) is 


Sv\ 216. ozea8 = 42 = 2°'° 
dt), 42 + 676 = 10°° 


4. 87625 ft sec”? . 


“ 


Tats correspoadsa to an initial level sisal igament given by 


gsine = 4.08 tft aecm’. 


i.e. Was = eas’. 
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Miniaua aq or Q (taken as 1 pulse every iteration): 


win (Gr), = (8FQ,) 27'S 
‘Av 1 

Min | — = Min (acceleration) = -—- of the value above. 
At); 42 


Hence Min 6 = 12.5 min, where this minimum corresponds to 1 pulse every iteration. 


A particular case of coarse-levelling (when both quantizer registers Q%,Q’ are 
greater than zero) is illustrated in Figure 9. ‘The output waveforms are single-sided. 
These are converted to double-sided current waveforms (with polarity as marked on the 
diagram) in the gyro-torqing amplifiers on the platform. The appropriate scaling levels 
are written beside the waveforms on the diagram. These levels are chosen by switching 
in appropriate resistors in the torquing amplifiers. 


In coarse-levelling the control is bang-beng. The torquing is full-scale in sagnitude 
with sign determined by the sign of the quantizer registers. These are reset every itera- 
tion as in NAV mode. 


6.2 A-modulation of Torqeing Baveforas 


The essential idea of A-sodulation is that the information on the waveform is carried 
by the + and - elements as labeled in Pigure 9. The time-averaging torqing rate, Gy 
say, is related to this wavefore, 1°.) . as follows: 


* 
Kf “Aggy at 
8 


eve a, = ; ; 
3 





where T, is the period of the eavefore, and i,,, is the current througi the gyro- 
torqiing coll. A typical value of K is 27 t 6.02 deg br"! wa"! 


This equation can be rewritten as 


RIT to, - &,) 
ave, = =~. 


where T is the tine interval of a t elewent in the wavefors, o is the number of ¢ ‘ 
elemeate in N, Rh is the number of - elesents in NR. and N is the total aunter of 
elements considered. 


if the eexziows @ is represented by a completely “filled-in” wavefors (ao pulses), 
then a= N apd b= 0. Thus saz@: KI. 


The current 1 is thus detereined by the enzinum torqeing level in degrees per hour. 


The basic asounption aade to justify the use of this type of d-eodulation ia gyro 
torqaiang ie that the gyro will define a space-angle corresponding to the iaput space-rate. 


A concise derivation of the torqiing algoritans of Section 6 and their relation to d- 
@odulation is given {a the next sectioa. 


A gore comples example of waveform greeration is plotted in Pigure 11. The ériviag 
traction is & = -go fl... ond the exanple is pertinent in Pine-Levelling. It is 
lastrective to compute 4 fros the waveform end compare it eith the driving functive 
(Tedle 1). 
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TABLE I 
Computation of @, versus Time from Wavefora of Figure 11 


« Ce - ki! 
wn) = 60 br”? oe 


Cumulative 
Nuaber of Sua® 


tteration 


intervais 


71 
-5/7 
-18/17 
= 14/18 
+23/29 
*32/40 
“43; 
-50/62 
-$9/73 
°113/139 
2133/18) 
357/437 





The wavefore of Figure 11 was actually plotted oct to 437 intervals but the portion 
ehown is sufficient to illustrate the principle. A plot of the percentage error versus 
time is show io Figure 12 (date taken from Teble I). Thais delay ia esteblishiag a pre- 
cise engular velocity for the gyro inpot ie aot deleterious to fine levelling or gyro- 
compassing. 


6.3 Adequacy of Bealgn Pareseters of Terqnirg-Conputer luterface 


This cannot be answered by siuple arguments but requites aisulation studies using suit~ 
edie sodels of the computer plus platform foop. Ge have no results to uffer at the present 
tise. 


However, the followiag siaple argumeat leads one to believe that the tise-iatervals for 
torquing. os given bere. are adequate. 


Suppose that steady torques have been applied to the platform gyros and that a steady 
state has beea reached as at the eed of align and gyrocompassing. At sope poiet is tiae 
(1-0) a new anguler velocity forcing function is applied ia the coapeter. 
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In line with the assumptions already made, 


N 
“ay = 2. Tp 
$= 1 
Oey ~ einsy * % Te 
N 
Sy = 60 Tp > sign (T,)\. 5 
i=1 
(Tr), = (Ty)g., - 60 sign (T)y., + af. 


i 


Teke or = Gy the superscript denoting values established by the computer. 


4 


Take ay = 2.2) sec sec’ (based on maximum acceleration = ‘%g). 


(Ty) = -30 deg hr? 
60 Tp = 1.71 sec 
® Tp = 6.28x10°? sec sec"! . 


a, is the change in space angle due to che contribution of space rate a, after i=6. 


Consider first that a, is 30 deg hr=?. (a, = 0, i > 0.) The results are plotted 
in Figure 10. For ©, , the solid ramp is ¢,y and the histogram is Cty . 


If we now consider the effect on che T, pattern of Figure 10 made by including a, : 
the following formula emerges: 


{ i 
bajo = 2, i) & T. 


jmi 
which gives the shift in successive levels of T, . 


However, the shift in levels of T, will not have any effect on ON until the nega- 


tive amplitude of T, in Figure 10 has shifted up to the zero level. A value of N for 
which this will be true is given by 


N(N+1) , a 
5 %& Te = 30 deg bro! . 





With the values given, N 30 iteration intervals. The time-delay is NTp = 0.852 sec. 
At that time, the change in @ (due to 4, T,) is only 


N 
i Ty ~ 0.054 sec . 
i®1 


The above argument established only that the torquing “mechanism” will likely follow the 
change from steady torquing rates to time-varying ones. The following derivation of the 
torquing algorithm is also instructive in this context. 
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Consider two types of finite difference, 5 and V. 


Tey, = Oy - (Oy )4-4 
bey, = Oy - Ay. 


where At is effectively established by the computer mm the output line in iteration- 
interval i. 


Note that V operates on iteration-intex i , whereas § operates at fixed i. 


Consider the identity 


86 Vé 
Vit = 3 at (14) 
1p Tp 
and define Te i (15) 
Hence VOqq = Say, = ayy - fy 


cf, will be A-modulated so it will have the form o£, = 60 sign ( ) when 60° hr™’ is 
the maximum torquing rate. 


The sign function is determined as follows: 
If (85, )4-, 20, 
fe, (i). 6 Ada, 
we want wl, = +60. 
If 87y)4.4 < 0 


fie. (2 > Oydies 


we want wry = -60. 
Thus (Tr); = (Ty)y-, > 60 Sign (Ty, + ayy 


[m.y1 < 120 deg hr7?, all i. 


Thus Equation (15) gives 


[86,41 < 3.4 sec . 
(Fine-Levelling, Gyrocompassing and NAV mode). 


Thus the difference between the two Oo, curves of Figure 10 should remain small, even 
when the instantaneous value of 4, (i.e. @;) changes from one iteration to the next. 


Assume that the orientation of the platform has been determined to high precision by 
torquing with constant rates (as is done in fine align and gyrocompassing), Then it is 
reasonable to expect that this high precision will be maintained and that the system will 
follow the changing space rates established by navigation mode. 
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Fig.3 ‘D.C. input” to “pulse-rate output” converter 
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Pig.4 Typical output waveforms of voltage-to-frequency converter 
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SUMMARY 


The calibration of inertial instruments in component, system, and vehicle 
level tests is shown to be amenable to sodern statistical filtering 
techniques provided adequate models of the processes involved can be found 
together with some method of solving the immense computation problerns. The 
general form of any calibration system using statistical filtering is given 
together with techniques for simplifying the computational probles. In one 
application gyro test table deta is processed by a filter and the results 
compared with a Fourier series analysis. In a second application the 
design, implementation, and test experience is given for a unique calibra- 
tion filter used to align and calibrate the Apollo Guidance Navigation and 
Control System inertial platform while it is in a launch vehicle that is 
subjected to wind induced sway. 
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THE APPLICATION OF STATISTICAL ESTISATION TECHNIQUES 
TO INERTIAL COMPONENT CALIBRATION 


George T. Schmidt 


1. INTRODUCTION 


Teo recent developments are leading to changes in the way inertial instruments are 
calibrated in component, system, and vehicle level tests. me of these developments is 
the new statistical filtering, prediction, and sacothing techniques which provide the 
theory tc accornt for all random noises, messuresent errors, and disturbances affecting 
the component under test and its environment. The other complomentary developeent is 
the availability of more powerful computers, both the large digite)] machine and the 
vehicle on-board computer, which provide the computational capability to take advantage 
of modern time-variable filter theory. There are, however, several practice] probleas 
encountered when one attempts to implement these techniqes. A major one is in obtaining 
an edequate statiatical aodel of the physics] systems involved in the celibration process. 
Another problem is the iamense amount of computation required. These two problems sre 
interrelated in that the sore accurately the system is statistically sodeled, the sore 
difficu)* the computational probler becomes. 


The plan for this paper is to first show the form of any celibraticn system thet uses 
statistical filtering together with the basic filter equations. Two applications with 
solutions will then be presented. The first is the use of a large digitel coaputer to 
process gyro test table date and provide knowledge of gyro drift together with generating 
a mdel of gyro behavior. The filter is formulated end actual gyro test data is processed; 
the results are compared with a conventional Fourier series deta reduction. This prodles 
poses very little computational difficulty because of the availability cf a large digital 
computer. 


The second application is to the alignaent and calibration of an inertial pletfore ta 
% Rauch vebicle that is subjected to eind-induced avay while on the launch ped. This 
application requires an engineering solution to the real tise computation provles with a 
limited on-board computer. ‘Ye also impose the requirement thet the calibration procedure 
be independent of any external referenc-s. Gly the outpets of the comporents on the 
piatfore are tu be used for calibration. The prodlewm sclution ie discussed in detail and 
is, in fect. the method used i2 the Apollo Guidance Navigation and Control Systen. 


The tecimique applied is to use only the two horizontal acceleramrters to calibrate the 
gyros, The computation problee i laplementing the optima filter {s solved by pre- 
computing the tise optional gains, neglecting sinor gains. end epprozieatiag these gains by 
sieple polynosials and exponentials in the guidance computer. It is chow that the pro- 
cedure can be used to weasure the South and vertical ¢yro drifts to one eery accuracy in 
10 and 40 winutes. respectively. The platfore can also de aligned in 10 ainutes: this 
information is used to leve} the platform and then calibrate the vertical] accelerometer. 
Ry @ series of test positions a]1 inertial components can be calibrated. ‘The iesplemeate- 
tion probless are distuseed in detail end the practical solutions ere presented. Asong 
thea is the problea of ecceleropeter dead-aoees near null iaputs. 
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2. FORM OF A CALIBRATION SYSTEM USING STATISTICAL FILTERING 


The besic configuration of an inertial component calibiation svstem is shown in func- 
tional form in Figure 1. The questinn is, “What should the computer program be that 
converts the measurements to the desired outputs?" In other words, given a set cf noisy 
physical measurements and some knowledge of the statistical characteristics of the com- 
ponents invoi ‘ed (e.g., accelerometers on a gyro-stabilized platform), find the best 
estimate of tre desired output quantities. 


“he maximum amount of information provided by the measurements in a system with 
unpredictable errors is the probability density function pix). The vector x 
represents the state of the entire system involved, including the sensors. the venicle 
(or mounting for the sensors), and the envirenment. With the knowledge of al) past 
measurements and the a priori assumptions of the statistical characteristics of the entire 
system, the most that can be know about the state of a system is the probability that it 
is in each incremental volume of possible states. in most cases the entire probability 
density function is not desired. What is usually wanted is a set of values that is, in 
some respect, the “best” estimate of the state of the system. This estimate is symbolized 


by xX, and it is usually chosen so as to minimize the average of some function of the 


error in the estimate € = x= x. The most obvious estimate, and one that minimizes the 
mean-squared error, is the expected or mean value which is given by 


x = eclm) = ! Spcxin,,...,m,)dx , qq) 
ex 


where pixli,,...,m,) is the probability density function conditioned by all past 
measurements. 


The solution of Equation (1) would require the computation of the entire probability 
density function of ail the state variebles as a function of time. The computation would 
include the changes in the density function due to the dynamics of the system and the 
changes due to the information gained by new measurements. The techniques for accomplish- 
ing this computation are not, to the author’s knowledge, well developed and, furthermore, 
would be impractical for any computer in the foreseeable future. However, if we can 
assume that the errors in the estimate can be represented by a linear system excited by 
uncorrelated noise, then the whole process represented by Equation (1) can be stated con- 
cisely hy equations developed by Kalman’:®. 


3. MATHEMATIUAL DEVELOPMENT 


It is assumed that the state of the entire system, including sensors, mounting and 
environment, can be described by differential equations of the form 


(t) = flx(ty, c(t), nity, t) , (2) 


Ie 


where c. are know control inputs and n are white noises. For the assumptions to be 
made here, it can be sliown that the control does not affect the form of the optimum 
filter®:'°, Thus the control variables ¢ will not be shown explicitly in the following 
discussion. It is assumed that measurements are made at discrete times according to the 
relation 


mi(t,) = hlxct,), Wt,y) , (3) 


where a(t.) are errors in the measurements thet are uncorrelated between measurements. 
(Time correlated errors in the measurements would have to be included in the state vector 
X.) Assuming that the optimal estimates are close enough to the true values so that higher 
order terms may be neglected, the optimum measurement process is given by Kalman’s optimum 
linear filter. The derivations of these equations are given in References 7, 10 and 11. 





PEI RRS OEE, GE a 


The oasic equations are 


% = &' + e'Hlae'H? + us? Ge - RGity)|] ata 
measurement 
E = g£ - e’HTqe'HT + Uy"! He’ time 
(4) 
x = Fae 
between 
E = Fe + gpl + py | measurements . 


where the prime indicates conditions that exist just before the measurement. The co- 
variance matrix of errors E is defined by 


E = <8xxT> 


where “<> represents the expected or mean value, and 


_ x,t) h(x, t) 
F = = : | ir see 
3x ax 
dh Oh af oft 
US se Ras. ON cS SR Qs 3 
ou on 


The matrices R and Q are defined by 
<uctyucr)T> = Rd (t-T) 
<a(t)n(7)T> = QS(t-7) . 


The optimum filter for a linearized system in which the higher order terms can be neglec- 
ted is shown in diagram form in Figure 2. 


4. GYRO UNIT TESTING USING STATISTICAL FILTERING 


4.1 Test Configuration 


The test we will consider is the so-called “IA vertical” test in which the gyro with 
its input axis vertical is mounted on a rotary table. The gyro output axis is West and 
the spin reference axis South. The gyro output signal is used to drive the rotary table 
by means of amplifiers and motors. ‘The table rotates about the vertical according to the 
differential equation 


da/dt = d+ Whb cos (a) + Whe sin (a) + W , (5) 
where a = table angle measured clockwise from West 
ad - gyro drift 
W = vertical component of earth rate 
Wh = horizontal component of earth rate 
b = misalignment about the output axis 


Cc = misalignment about the spin axis 


and the signs of b and c are by the user’s convention. Other types of servo tests are 
possible and are discussed in Reterence 18. 
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In a conventional servo table test, the time it takes for the table to move each one 
degree increment is recorded for two revolutions of the table; this requires about 72 
hours of testing. The usual data reduction technique is to fit a Fourier series to the 
data and identify the constant in the series as the gyro drift and the coefficients of 
the cosine and sine terms as the misalignment angles. Typicelly the autocorrelation 
function is also calculated for the data and one attempts to find an autocorrelation 
function for some process that fits the data; e.g. a ramp or perhaps a random walk!® 
The curve fits are usually done by a least-squares method. The purpose here is to give 
an altercative approach using recursive statistical filtering, compare the results from 
both methods and the advantages in each, and suggest some areas for further research. A 
functional view of the optimal calibration system is shown in Figure 3. 


4.2 The Filter 


The time it takes the table to go each one degree is recorded on tape. The tape is fed 
into a digital computer which has programmed into it the following filter. 


Between each measurement the state vector is integrated according to: 


a 0 1 Wheos (a) Wh sin (a) Offa Wv 
s d 0 0 0 0 oO} jd 0 
e aS bl = 10 0 0 0 Oo] |}bi+] 0 (6) 
dt dt 

c 00a 0 0 Oj jc 0 

e 0 8 0 0 oj} Le 0 


where e has been introduced to account for any bias in the measurement of table angle. 
The initial condition for the state vector integration is the estimated value after the 
last measurement incorporation. 


The extrapolation of the covariance matrix between measurements is a bit harder to 
derive. Linearizing the differential equation for a we have 


8a = 8d + Wh cos (a) 5b + Wh sin (a) Sc - Whd sin (a) 9a + Whe cos (&) 8a. = (7) 


The measurements of table angle, denoted by m, are assumed to be highly accurate; 
typically, they are true to within a few arc-seconds. Since the misalignment angles are 
small, one may neglect the last two terms in Equation (7) and the F matrix in the co- 
variance matrix extrapolation, 


dE/dt = Fe + EF’, (8) 
is given by the matrix in Equation (6). The initial condition for the covariance matrix 
is the value after the last measurement incorporation. Equations (6) and (8) are integ- 


rated on the digital computer until the time of the next measurement (m) . At that time 
the equations are updated according to 


K = g/hdite'R + ray"! 
X = x! + kam - hTx’) 
E = (1 - kate’ , 


where ra is the variance of the measurement noise and fh? = (1,0,0,0,1) . The integra- 
tion process (Equations (6) and (8)) is then re-initiated. 
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4.3 Test Results 


An “IA vertical” test was run on a gas-bearing gyro and the data recorded as described. 
A digital computer was programmed to filter the information. One full revolution of data 
in one-degree increments was processed. The initial condition for the state vector was 
zero and all initial cross-correlation terms were set zero. The initial diagonal of the 
covariance matrix was: 9 x 10°° rad’, 100 meru’, 9 x 10°® rad”, 1 x 107° rad’, and 
1x 10°*° rad?. (A meru is approximately 0.015 degrees/hour.) The r.m.s. measurement 
noise was assumed to 1 x 107° rad. 


The results of this test are plotted in Figures 4, 5 and 6. In Figure 4 we notices, 
first, that the estimated drift is, in two samples, very close to its steady state value 
of 12.158 meru. The estimated r.m.s. error v (E55) is also plotted. In two samples it 
is down from its initial value of 10 meru to 0.6 meru; in 360 samples it is down to 0.003 
meru, 


In Figure 5 the b estimate is plotted, together with its estimated r.m.s. uncertainty. 
Apparently it takes about half a revolution before we have enough data to filter this 
quantity. The final v(E,,) is 0.001 mrad as opposed to its initial value of 0.3 mrad. 
Similar comments hold for Figure 6. The final value of V(E,,) is 0.0007 mrad as opposed 
to its initial value of 1 mrad. The final angle estimates in each case are 0.489 and 
0.743 mrad, respectively. Finally, the estimate of e showed an insignificant amount of 
bias. 


4.4 Comparison with Conventional Method 


The same data presented in the example were fitted with a Fourier series. The drift and 
misalignment angles (12.17 meru, 0.544 mrad, 0.711 mrad) compared almost perfectly with 
those as determined by the filter (12.158 meru, 0.489 mrad, 0.743 mrad). One might ask 
the question, “Why bother with this sophisticated method if a Fourier series works?” 


One possible advantage is that the data can be processed as it is received. One might 
imagine a number of test tables tied into a central computer which would calibrate a whole 
number of gyros at once and provide a best eStimate of each gyro’s current behavior. 
Another advantage is that the filter generates an r.m.s. uncertainty estimate in the 
estimated variables, If one has confidence in the statistics that must be assumed a pri- 
ori, then in an ensemble sense, we can tell how good our test is. Furthermore, another 
advantage is in the ease with which additional state variables can be included in this 
formulation. We might like to try to add in a model for drift other than a bias; perhaps 
a ramp, an exponentially correlated process, or a random walk. ‘These models are easily 
added to the filter. 


One possible disadvantage may be found if we test a gyro that has sudden jumps to 
different steady-state levels, In all likelihood, the filter will probably take a long 
time to catch up to the actual gyro or it may never get there, This is the usual argument 
for a Fourier series expansion of any discontinuous function. In any case, the purpose 
here is to show the form of the system that could be used to reduce gyro test table data, 
not that any great improvement is guaranteed. What is needed is more research into this 
type of formulation. 


5. METHODS FOR REDUCING COMPUTATION 


Throughout the previous examole it has been tecitly assumed that a large digital com- 
puter is available to do the computation. For this eimple example five state variables 
were required, Since the number of state variables rapidly increases with the complexity 
of the problem, engineering solutions will usually be required, particularly if the digi- 
tal computer has a limited capability. This is the case in an on-board vehicle computer. 
Generally there are two possible waya to reduce the computational burden. 
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The first method is to partition the total filter into smaller and simpler filters by 
neglecting the cross-correlations between dynamically unrelated variables. ne might also 
neglect to implement minor gains for particular state variables; i.e. each state variable 
is updated by all measurements, even if the particular measurement has an insignificant 
effect on that particular state variable. 


The second method of simplifying the optimum filter is through the use of pre-computed 
gains. If the system is linear, the gains at each measurement are only functions of time 
and the a priori assumptions of the statistics of the noises and the initial state. By 
specifying the measurement schedule or rate, the gains may be pre-computed and stored in 
the vehicle’s computer. For a small number of measurements this is a practical solution 
to the probiem of impl2menting an optimum filter. For a large number of measurements, the 
pre-computed gains are usually smcothly varying with respect to time and may be approx- 
imated by suitable functions that give an almost identical filter response as the true 
gains. The weighting function box in Figure 3 now contains simple functions of time. 


These simplification techniques will be applied to the pre-launch calibration and align- 
ment of ar inertial platform in a spacecraft on top of a swaying launch vehicle and they 
are, in fact, the techniques used in the Apollo Guidance Navigation and Control System. 
Practical hardware and software problems that were involved will also be discussed in 
detail. 


6. PRE-LAUNCH CALIBRATION AND ALIGNMENT 


6.1 General 


The inertial system to be calibrated and aligned includes gyroscopes and accelerometers. 
The known gravity acceleration is used to calibrate the accelerometers; the known vector 
rotation of gravity (earth rate) is used to calibrate the gyros. The exuct quantities to 
be measured will not be considered at this point in developing the general optimum method 
of platform alignment to a local vertical coordinate system and measurement of the South 
and vertical gyro drifts. In this procedure, the platform is approximately aliuned to the 
local vertical coordinates, then it goes inertial. The two horizontal accelerometer out- 
puts (South and East) are used by the optimum filter to generate estimates of the relevant 
quantities by comparing the measurement of the rotation of the gravity vector with the 
known rotation rate. 


The vertical gyro drift is the most difficult quantity to measure, since it causes only 
a third-order effect on the measured acceleration. Gyro failures can be closely associated 
with changes in drift due to acceleration of gravity along the input axis, so the pre-launch 
calibration of a gyro in a vertical position is highly desirable. 


Since the estimates of the alignment and drift variables will depend on the measurement 
by the accelerometers of the rotation of the gravity vector in the inertial coordinates 
instrumented by the gyros, the major disturbances are the accelerometer quantization and the 
wind-induced sway of the launch vehicle. The model of the system for the optimum filter 
must include variables due to this sway. The complete filter must be simulated on a digital 
computer; it will be linear, so that by specifying the measurement schedule the optimum 
gains may be pre-computed. The gains will be approximated by functions that will be stored 
in the flight computer. The method for using this simplified filter in other platform 
positions, an illustration of a system test program, and practical hardware problems will] 
be presented. 


6.2 Models 


The launch vehicle bending dynamics in the North-South and East-West directions are 
approximated by identics: second-order systems. ‘The wind causing the vehicle sway is 
assumed to be exponentially correlated, with a correlation time of 1/A sec . the 











239 


correlation function of the white noise required to produce a mean-squared value of missile 
sway can be found to be!? 


_ PP alan at + Whey 4 A?) 
A+ 2h, 


where <p?> is the expected mean-squared missile sway, n(t) is the white noise genera- 
ting the exponentially correlated wind, and « and ¢ are the natural frequency and 
damping ratio of the second-order approximation to the bending dynamics. The state vector 
for the sway variables in the South direction is 


nw = <n(t)n(T)> 


Ps 0 1 0 Ps 0 
ve} = | 0 0 1 vai +] 0 (9) 


a “Mah a2, -20a-AJ [mg] [Ct 


where p,,V,,8, are the horizontal displacement, velocity, and acceleration in the North- 
South direction; the model for the sway variables in the East direction (De. Ver Be) 

has the same form. For the computer simulations in this paper, the preceding variables 
have the values <p*> = 100 cm? (Fast and South), \ = 0.1 sec’, & = 2.09 rad/sec , 
and $= 0.1. 


The orientation of the platform with respect to a local vertical coordinate system 
(vertical, South and East) is described by three angles (2,5,7) . If the platform axes 
(x,y,z) were rotated by -a2, -3, and -y, the axes would coincide with the reference 
coordinates. The state vector equation for this substate is given by 


a 0 o SS 1 of fa ty - % 

3 0 0 Yo als] ity +X 

y} = [RQ 2% 0 0 of]y]+ lt, +a, (19) 
4, 0 oO 0 0 Of j4, 0 

dy 0 0 0 0 Of fd 0 


which has been assumed to be, for angle magnitudes of interest, a valid representation of 
the general nonlinear platform dynamics’’. {} and [1, are the horizontal and vertical 
components of earth rate at the test site; d,.dy.d, ere the constant drifts for the 
vertical, South and East gyros; and ty. ty. tz are the torquing rates (if any) applied 
to the gyros. It is assumed that the torquing rates, the components of earth rate, and 
the East gyro drift are known perfectly, so that the vector on the right represents known 


forcing c(t) and is independent of the state of the syste. 


Using the small angle approximations, the South and East accelerometer pulse rate out- 
puts due to platform orientation in the gravity field may be written as 
po, “7 
. = ¢g (ui) 
po, 3 


where po, and po, represent the tote] pulse counts at some instant of time and g is 
the local gravity (cm/sec”). A l-cm/sec’ pulse acceleromete> quantization has been assumed. 


Accelerometer pulse rates cannot be instantaneously measured but the total pulses can 
be counted which make up the output due to sway velocity and orientation in the gravity 
field. Inherent in these measurements, then, are quantization errors. The seasurenents 
are 
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2 as Vs] [po, Ny 

pb = = + + * (12) 
e Ve DO, ny 

The term “n,” represents the quantization error at every sampling of the accelerometer 
pulse count registers. Although the measurement noise is not normally distributed with 
zero mean (a requirement for the optimum filter), and is, in fact, uniformly distributed, 
the quantization operation is assumed a normally distributed error. This viewpoint does 
not hinder the optimum filter’s estimates of the alignment and gyro drift variables'°-?!, 
It does degrade the accuracy of the sway variables estimates, which is of little concern. 
Also 


<ng(t)ng(t + 7)> = ra é(7T) (13) 
The measurements are assumed to be made every second. 
The state vector is 13-dimensional; the state vector differential equation is 
dx/dt = Fx+c+n(t). (14) 
(See Pigure 7 for x, F,¢ and fn). 
With the derivation of the model for the system, the complete optimum linear filter is 


defined. The accelerometer pulse count registers will be sampled at constant rates. The 
estimated etate vector is extrapolated between measurements according to 


= Oy+c, (15) 
and the covariance matrix according to 
BE’ = $eotes, (16) 


where © and S are pre-computed constant matrices for the time step between measure- 
ments. They satisfy the following differential equations: 


dS/dt = PS + spl en, 8 (0) 


0. (it) 


dtydt 


Fe, $(0) 1, (18) 


which may be integrated on a digital computer for a time step between measurements of 1 sec 


(Ref.12), At the time of a measurement, X and E are changed according to Equation (4). 
(See Figure 7 for H, U, and N.) 


7. FILTER DESIGN 


7.1 Computer Simulations 


A complete nonlinear sigulation of the inertial platform in a swaying launch vehicle sas 
made on a digital computer in order to simulate real acceleroneter outputs. The initial 
misaligneents were 1 degree cn all axes; drifts were 10 meru for the vertical and South 
gyros end sero for the East gyro. ‘the r.a.s. sway in both horizontal] directions was 10 
ca. ‘The initia] conditions for the covariance matrix were 1 deg’ for the alignment angles 
and 100 aeru’ for the gyro drifts. All initial cross-correlation terms were assumed zero. 
The initial estimate of the state was a zero vector. 


the response of the filter was excellent for these conditions. A number of runs eos 
first sade in which the matrix U was varied so as to cause good agreement between the 
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r.m.8. error as determined by the filter and the actual error. The errors between the 
estimates and the actual values of azimuth angle, vertical gyro drift and South gyro drift 
are shown in Figure 8. The errors reach small values for the three cases in 15, 40 and 

~ 1 min respectively. The errors in the estimates of the two leveling angles (5 and y) are 
Negligible after the first few measurements. The estimates of the sway variables are not 
particularly good, hut this is not important. These simulations were run under assumed 
perfect knowledge of East gyro drift because of the classical] result that East gyro drift 
cannot be identified from azimuth error. The fact that East gyro drift must be known 
presents uo problem; as seen from Figure 8, the South gyro can be calibrated in about 10 
minutes and the error shores little sensitivity to qd, . This gyro can then be placed 
East and a complete celibration and alignment made. (The question of other platform posi- 
tions is discussed later.) 


7.2 Design of the Simplified System 


The gains for the optimum filter may be pre-computed for all trials since the measure- 
ment times will be the same and the a priori assumption for the statistics of the initial 
state vector and noises will not change. For the problem at hand, the implementation of 
the gains into the systes involved, first, the design of a simplified optimum filter. The 
gains for each state variable depend on both accelerometer measurements and, in general, 
one gain is much smaller than the other and can be neglected. In this problem all crogs- 
coupling measurement gains are neglected; e.g., vertical drift estimation depends pri- 
marily on the South accelerometer so the East accelerometer measurement gain for vertical 
drift is not iaplemented. Typically the predominant gains vary as in Figure 9. These 
gains can be approximated by exponentials and straight-line segments where, at distinct 
intervals, the time constants and slopes are changed to continually fit the approxisate 
gains to the true gains. The gains for the six sway variables quickly reach steady-state 
values and may be epproximated by three constants. 





The response of a simplified filter is shown in Figure 8. The process of design enters 
since it required a number of runs using different slopes and time constants to get a good 
match with the response of the complete filter. In fact, in the end, the seme exponential 
gains were used for both po, and po, ; the same exponential gains were used for 8 and 
Y . The totel pre-computed constants were 3 sway variable gains, 2 initial conditionnr for 
exponentials, and seta of the following 5 numbers which are changed at 10 discrete times: 
2 time constants for exponentials (po, and =) and 3 slopes for straight-line segments 
(2,d,,4y) . 


7.3 Teplementation 


A slight variation of this simplified filter was iaplemented in the Apollo Guidance 
Navigation and Control systes. Part of the program was concemed with initialization for 
platform positions other than the one considered here. The optiaum filter, once imple- 
mented, does not change for other platforw positions; the eeasurements that the filter gets 
are made to simulate the standard pletfora configuration. for example, if the pletfore 
axes were vertical, North and East, and if the sign of the North accelerometer output were 
Fro changed to simulate a South accelerometer, the filter output for the variables in the North 
direction need only be interpreted en negative of their true values. Siailarly, for some 
platform positions it is necessary to resolve the measurements to simulate South and East 
ecceleroneters. 





For some applications, it say be desirable to torque the South gyro at negative horizontal 
earth rate. The form of the filter and the filter gains do not change because perfect 
torquing is assumed; just add negative horizontal earth rate to the extrapolation of the 
angle 3. It has aleo been found convenient to extrapolate the alignment angles according 
to simple first order (2 = a + adt, etc.). The sway variables are extrapolated according to 
@ sway transition watrix whose elements can be changed to compensate for variations in launch 
vehicle parameters. 
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Qce the optimum filter has been implemented according to the simple method outlined, 
it can be readily adapted to various problems of alignment and calibration. For example, 
consider the following system test procedure in which the platform axes are identified 
as x,y,z: (1) run a 10-min test with x up, y South, zZ East to determine y gyro 
bies drift; (2) at 10 min read out y drift and use the angle estimates to align the 
platfore; continue to torque the platform at earth rate for 90 sec while counting pulses 
from the x accelerometer (vertical); (3) orient the platform to x dom, y East, 

z South and run a 10 min test to determine z bias drift; (4) use the angle estimates 
at 10 min to align the platform and then torque for 90 sec at earth rate while counting 
x accelerometer pulses; and (5) torque the South gyro at horizontal earth rate for 45 
aio core while determining vertical drift ‘x gyro). The y bias es determined in (1) 
is d, for this run. 


This procedure takes about 68 min, after which enough information is available to 
determine y gyro bias drift, z gyro bias, the sum of x gyro bias and acceleration 
sensitive drift, and x accelerometer bias and scale factor. (ne can readily imagine 
how an automated system test procedure can be set up to completely calibrate the system 
in the swaying spacecraft. ‘The last step in the program would be an alignment run to 
ready the system for launch. And through all of this, the basic simplified optimum filter 
does not change. 


7.4 Hardware Probleas 


The primary source of azisuth error is the uncertainty in East gyro drift which comes 
about from errors in the calibration of the gyro; the primary source of vertical drift 
error is due to variations in the East gyro drift during a tent. If the Bast gyro has a 
large drift due to acceleration along its input axis, then it is desirable to keep the 
input axis almost horizontel during the test by torquing the South gyro at negative earth 
rate to minimize the varietions in East gyro drift. Unfortunately, if the bias of the 
South gyro changes wher it is torqued, then the South gyro calibration will yield two 
anewers, corresponding to the torqued and untorqued cases, respectively. (Torquing was 
done in the system test progres. ) 


Another poasible problem area eppears when using pulsed integrating accelerometers. 
If either horizontal accelerometer has a large dead-zone for near zero inputs, large 
transients in the filter output eill appear. The fore of the transients will vary, 
depending on the tize during the test that the accelerometer goes through the dead-azone. 
Vertical drift estieation is particularly sensitive to a dead-sone in the South accelero- 
weter. In some cases a transient on the crder of 600 seru has been observed: the filter 
never reached the correct value of drift at the end of 45 minutes because the vertical 
drift. gain is small at the end of the test. As a practical solution to the prodles. the 
platform is deliberately offset (between steps (4) and (5) fn the system test program) fros 
the vertical before beginning a vertical drift test so that the accelerometer never goes 
through nuil. This probles is indicative of the strange results that can occur shen the 
wcdel for the system is incorrect. Philosophically, ve have designed ao total system test 
end as such it should indicate in some sanner out-of-specification conditions which would 
then require lower level testing. ‘The aodel aust therefore include all in-apec conditions 
end the designer's experience aust be used to recognize out-of-spec situations. 


7.9 Laboratory Test fesults 


As part of the filter iaplementation verification, the Apollo inertial platfore eas 
suspended by a cable from the laboratory ceiling. ‘The platfore was pushed to siaulate 
spacecraft aotion on the launch ped. ‘omparisons with independent seasurenent techaiques 
verified the progres accuracy to within the liaits of the gyro performance. 








| 
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8. CONCLUSION 


The possibility exists for significant reduction in the errors in calibration systeus 
by using statistical estimation techniques that make the sost efficient use of al] avail- 
able information. It also appears likely thet suitable simplifications can be sade to 
adapt these techniques to practical computers, as was illustrated with two examples. 
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EULER ANGLE STRAPPED-DOWN COMPUTER 


Alan van Bronkhorst 


Navigation - it’s a magic word, the key to trave] and adventure. We covet and ponder 
with awe the innate navigation ability of other species of living things. A pigeon, 
released at a strange location, climbs swiftly, circles, and with wings flashing white 
and grey, sets his course for home. Lacking instinct, we are forced to rely on our 
intellect for navigation. With what results? First, we are often lost, and second, we 
have come to set great store by development of electromechanical “black boxes” which per- 


form navigation for us. 


This second result is particularly true if the “black boxes” meet military specifica- 
tions: smaller size, lover cost, improved performance, and better reliability than 
currently available equipment. The present flurry of activity in development of inertial 
strapped-down systems is engendered by the hope of achieving at least the first two of 
these four goals (which is not a bad average) and is promoted by the emerging availability 
of the necessary high-speed computers. 


A particular type of whole-number high-speed computer, solving a three-parameter Euler 
angle transformation, has been investigated as a component of a strapped-down mid-course 
inertial guidance system for a short range missil2. This paper presents the results of 
this investigation. 


What are the inherent advantages of a whole-number digital computer for a strapped- 
down inertial system? 


Any strapped-down inertial system computer must, at the very least, convert the outputs 
of orthogonal body-fixed accelerometers into velocity vectors in some navigation coordin- 
ate system. Typically, an incremental computer (DDA) performs this conversion with a 
3 x 3 direction cosine matrix that it generates from outputs of orthogonal body-fixed rate 
gyros. This type of strapped-down inertial measurement unit has been previously investi- 
gated and reported in detail by others'~". ‘he literature abounds with computer algorithm 
optimization studies. A total guidance system, however, needs not just an inertial 
measurement unit but additional computer functions as well. These functions must include 
solution of the navigation and guidance equations and, preferably, such niceties as sensor 
corrections, system self-check, auxiliary guidance system integration and even gain and 
frequency compensation of control system commands. Using a strapped-down inertial 
measurement unit (IMU) with outputs from an incremental computer, the guidance system 
design has two alternatives: 


(1) Expand the DDA to perform the total system requirements, or 


(ii) Supplement the DDA conversion computer with a separate whole-number guidance 
computer. 


Neither of these solutions is very attractive on an overall system basis. 


J.C.Wilcox, of TRY Systems, in a recent paper’, writes 


‘The incremental computer is subject to the constraint that the computation rate 
must be greater than or equal tc the maximus input rate divided by the quantum 
size. In order to maintain adequate resolution, all calculations aust proceed 
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at the same high rate. The addition of new calculations exacts penalties in both 
computer speed and storage requirements. This constraint does not apply to the 
whole number computer. 


In the whole number computer, the penalty for additional calculations may be 
only in computer storage’ requirements, ...” 


A more flexible strapped-down guidance system, then, is an inertial sensor package 
(gyros and accelerometers) combined with a single whole-number computer which can perform 
both coordinate conversion and the navigation/guidance functions simultaneously. This 
flexibility results from decreased costs and simplified interface with related subsystems. 


Although a whole-nurber computer can be programmed tc solve the direction cosine 
strapped-down transformation, this study investigated a three-parameter Euler angle trans- 
formation technique. The equations are derived by simply relating gimbal angle rates to 
body-axis rates by transformation through the equivalent gimbal angles. Equation (1) 
represents a conventionally gimballed three-axis platform. 


p $ lol 0 | 
al = Jol+ lol+ (8 [jo (1) 
r 0 0 y 


where p,q,r are body-axis rates and [¢), [¢] are rotational matrices of roll and pitch 
angles. 


These equations are transformed to 


Te 
i] 


-r sin P+ q cos p 


Ge 
tl 


(r cos f + q sin $) sec 6 (2) 
b= ptysine 


and, finally, velocities are transformed from body-axes to inertial coordinates by sequen- 
tial rotation th~ough the three generated angles: 


. ie 


x x 
y| = Welly (3) 
2 i z Ib, a. 


The reasons for investigating this type of transformation are: 


(1) Lear Siegler Inc., has developed previously - for other navigation systems - a 
whole-number, vector computer®+’, ‘The vector computer has an arithmetic unit 
which is organized for rapid shift and add processing of vector cperations such 
as rotation and resulution. This type of computer is ideally suited for the 
straight forward Euler angle coordinate conversion process. 


(11) The transformation, by its nature, is always essentially orthonormal and provides 
simplified updating for integrated navigation systems applications. 


(1i1) Attitude outputs are directly available for vehicle control/display, trajectory 
shaping, system initialization and sensor compensations, 


Is this transformation technique usable? In spite of the claims we have made, the anaver, 
of course, depends on the cost of the computer to achieve adequate performance. We now 
examine the errors as they affect computer software. 
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The errors of strapped-down system computers come from inaccurate processing of the 
outputs of the inertial sensors. These errors accrue both in generating the transforma- 
tion matrix and in applying the transformation to the measured velocity vectors. We may 
classify these errors as orthogonality errors, angulerity errors, and normality errors. 
By analogy with gimbal coordinate converter resolvers (whose function the conversion 
matrix duplicates) these errors are inter-axis errors, gimbal drift errors, and trans- 
formation ratio errors, respectively. 


Clearly the inter-axis, or orthogonality, errors of the matrix are zero. This results 
because we are generating and computing with the angles directly, and not their directio 
cosines. We are concerned then only with velocity vector angle (or direction) transforma- 
tion errors which are the result of gimbal drift, and with velocity vector magnitude 
transformation errors which arise, even though the transformation matrix itself is nearly 
normal, from other computational processes. 


The sources of these errors, as in any strapped-down system, are quantization, commu- 
tation, truncation, round-off, and conversion. The order of listing here is not signifi- 
eant except as an index for the following discussion. 


Quantization, cr sensor storage error, results from the process of converting analog 
quantities measured by the sensors to discrete angle and velocity input increments to the 
computer. Because the computer is synchronous, it accepts input pulses for operations 
only at the start of each iteration cycle. As a result, it is frequently operating on 
information that lags the true sensor output. For example, consider a gyro with an output 
increment pulse size of 0.03 degrees, an input rate of 20 degrees per second and supplying 
a computer with an iteration time of one millisecond. Table I shows the quantization 
error. 





From this table we can guess that the average quantization error is on the order of 
one-half the increment size, h. Why not just make h very small? Well, h is the 
maximum input (angular rate of linear acceleration) divided by the maximum pulse repetition 
frequency (PRF) of the analog-to-digital converter. The guidance system designer can do 
little abou: the maximum inputs of the vehicle dynamics except complain to the project 
aerodynamicist, who probably couldn’t care less. And in increasing the PRF we soon start 4 
paying for decreasing quantization errors with increasing non-linearity errors which result 
from the A/D conversion process, and increasing input hardware requirements. For this sys- 
tem, synthesized for mid-course guidance of a short range missile, the inputs are body-axis 
rates of 300 degrees per second, and linear accelerations of 20g. Our error crossover 
point, determined empirically, is at PRF ~ 10 kpps. This results in inputs of approx- 
imately 0.03 degrees per pulse or 0.06 feet per second per pulse. The precise values are 
set by different criteria, as shown later. 


The second definable source of errors is in commutation. Commutation errors are both 
angle and velocity. The former come principally from the non-commutative properties of 
angular increments under vector operations. The error limits may be established quite 
simply. The difference equations in the solution sequence are: { 





’ 
1, Oty = (-rdty sin A, + (ait) cos A, 
hye ye tN 
2. Avy = (rot) cos Ay, + (qt) sin AL ,/ cos Cy 
' (4) . 
“3 X 


th 7 Nea tN 
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3. Ad = (pdt) + Ay sindy ¢ (4) 
th = ye, toh - | 
Assume an input rate w+ ip+jq+kr, where p=q-r. 
For Iteration 1, @, = @. 
For Iteration 2, @, = -@, 
let 
pat = @Mt = rdt = Aw 


Byer = Oyiy = Wey= O&. 
If we turn the crank through two iterations, using these inputs, 


Ons, = Aer = Yue = 0° + commutation errors. 


These errors turn out to be on the order of Aqw?/2 per iteration. Please observe thet 
this error results from angular vibration inputs about axes which are not coincident with 
the principal body-axes. Although similar in form, it should not be confused with 1:1 
limit cycle error which is frequently analyzed in the DDA/direction cosine literature. A 
1:1 limit cycle error is a truncation, or computation, error which results from angular 
vibration inputs about any axis because the incremental computer mechanizes only an approx- 
imation to the true direction cosine equation solution. 


Velocity/angle commutation error results because, although the angles are constantly 
changing during an iteration period in which a velocity increment is measured, this entire 
velocity increment is converted through the final value angle only. 


The procedure for each iteration period is: 


1. Measure angle and velocity increments. 
2. Update the angl» values. 


3. Use these updated angles to transform the measured velocity increments. 


For example, the transformation matrix is 


x} = cp ct cy - sp sy BD oo cy + oD By -o By] IX 
y) = J-op ct sy - apcy “spc sy opcy ab yl l¥ (5) 
xy of s: -8h sv oo Z Jb. a. 


where s and c are the sine and cosine of the respective Euler angles. 


Assume that >, = & =>, = 0 and p,q,r. are constants such that, after one iteration, 
p=cvzyw=dw, where Ow is a small angle su that cOw~1.0 and shu = tw. Now if 


a en 
Ax, Ay, 42, , are increments of velocity accumulated during the first iteration period, then 








Squetion (4) is slightly tine-skewed to conserve ccaputer seaory 
Solution with ye instead of 4, hus no appreciable effect on accuracy 
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ax, Ina? 2hua “Aa 2x, 
AY,| = |-200 anda? Aa?! [dy, (6) 
dz, i Ka sheet 1 32, ye 


and if P,.9,,7, . are approximately Pye Gy -ly , such that, after the second iteration, 


te —_— ——, ne 
ho >t, = ¥,= 0, and if OX OY. 02; = “LX, -¢Y,, -AZ, then 


e 


ay,| = inldy,| = in |-dy, (1) 
a2, i 422 |b. a. “AZ deg. 

ot ote 35 

AX, + AX, = tuWw (24Y, - AZ.) 

re os ‘ a 

ay, + dy, = 24u (AXx,) (8) 


az, + d2, = Awox, : 


Then the error per iteration can be ou the order of 7 du 3X, . Obviously commutation 
error will decrease with increasing computer iteration rates. Frank B.Hills has a 
detailed discussion of velocity ’angle commutation errors in Reference 3. 


Truncation errors, the thi:d source on our classification list. result prigariiy from 
digital summation of incremental] quantities rather than true integration. For evaluation 
of the maximum bound of angle truncation errors, we expand Equation 2(a), as typical. ins 
Taylor series, 


fic) - & = -p pin f+ qQ@eos :. (9) 


’ 


then f(s) = -reins - qe sins + Q cos . - rs cosy (10) 


and, assuming ccnstant body rates for one iteration period, 


£00) > eas sine - rcon Ss ore ceanimua) . a) 


The simplest type of digital integration is rectangular. or first-order. For this method, 
the error per iteration is 


‘Bah, = rktyektvesy 2 Toe 
Truncation errors may oe reduced by either increasing computer iteration rates or by 
increasing computer functions and, unavoidably, computer hardware to obtein derivatives 
and tsplement higher order integration. for exsaple, for second-order integration, the 
errors per iteration become, 

v8 

“Ex! = ie . 
2 


s 
€ 


There is, of course, a velccity truncation error also, but this error is the same for 
either strapped-down or gimbaled inertial systems and will not be considered in this paper. 
Truncation errors for various digital computer algorithes for updating the direction 
cosine transformation @atrix are discussed ty ¥.F.Bell’?. (Also see References }, 3 and 4). 
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Round-off, or resolution, errors are the result of the finiteness of digital represen- 
tation of quantities that are generated during the computation processes. Any number in 
the computer may be represented only within t + LSB (least significant bit), and these 
errors may accumulate with large numbers of computatious. The obvious way to keep round- 
off errors insignificant is to increase word lengths. But long word lengths require more 
computer hardware and decrease computer iteration rates which, sadly, increases the trun- 
cation and commutation errors. A compromise solution is to increase word lengths for only 
certain especially sensitive computations, such as DIVIDE, by float operations. Round-off 
is also precisely and importantly controlled at the input by making each increment pulse 
an integral number of LSB’s. it is this constraint thet accurately specifies pulse size, 
and simultaneously provides a convenient method of coapensating for sensor errors. 


Finally, conversion error is siaply the effect, or error, in computing the inertial 
velocity vector as a function of the errors in the transformation matrix. 


Consider velocity vector increments under a single rotational transformation, 


Ax | [ 0 0 Ax 

a exten 

Ay] = (428) 0 e@mt ep) sid t €d)| | Ay (12) 
—e te 

dz 0 -s(Ptes) cS t EP) LAzh, 


where 5 is the transformation ratio error resulting from round-off, and ¢ is the 
engulerity error resulting from quantization, angle commutation, and truncation. Expand- 
ing the sine, cosine terms and substituting, it aay be shown that the errors are on the 
order of 


Te > (2d t eo)da 


per rotation. If the principal angle errors are independent, then 


2 
— 


Te > ¥(2)c@ t es 
for each transformation, since each velocity incresent is rotated only through two angles. 


The conclusion cf this sisple error study is identica] with the results of the sost 
elegant analysis: the output errors of any strapped-down system computer are a function 
of both ite sophistication and the input inforegation which it aust process, And for inputa 
which approach realiam. sathematical error sodeling becases iapossible. 


. Sisulation is a sophisticated and essential tool for computer synthesis. For any inputs, 
word lengths, algorithes, iteretion rates. and quantization levels aay be traded to obtain 
the required performance at sinieue cost. ‘The sisulation technique block diagrea te shom 
in Pigure 1. The reference solution processed the input data without quantiaation, at an 
iteration rate of 2000 tines per second using Runge-Kutta fourth-order integration scheses 
and double precision. 64-bit word length for al) calculations. The vector coeputer sieu- 
lation forced our IBM-360 wachine to calculate sith special vector aigorithas using a 
two’ s-conplement binary number systes. 


For computer synthesis, siaple inputs are of little vaiue. Principally they are 
esteemed by thone who appreciate the esthetics of verifying espirically the error analysis 
for siaple inputs. In fact, F.B.Hills’ states 


“Couputer sisulation teats in ehich the attitude changes are rotation about one axis. 
vibrations about cne ex's, or constant rotations about three azes should show good 
results, for these are rotations for which the cosponents of e are proportional. 
which the algorithms assume..... Exciusive use of these tests can yield sisleading 
results concerning the necessary data processing rates.” 
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Po: realistic inputs to synthesize a strapped-down inertial guidance computer for a 
typical missile, we used the dynamics of a typical missile which was simulated by the 
Martin Company, Orlando, Florida. Two trajectories of am sir-to-surface missile, fired 
at targets 25 nautical miles behinc and SO nautical miles ahead of the launch vehicle, 
were supplied. This inforsaticn was in the form of computer print-out showing time, body- 
axic angular rates and angular accelerations, and linear accelerations and position in an 
inertial coordinate systes. 


The data start at time of booster ignition. t ' * } 0 seconds, where L is launch 
time. Por the first 1.0 seconds of flight, we syntuesized an initia! trajectory from the 
following perameters. 


(a) The sissile is launched by firing downward with an impulse of 12.5 g for 50 asec. 
Forward velocity is almost constant at 0.5 Mach and vertical velocity at t= Lt 
1.0 is 20 ft/sec. 


(b) L“<t $L* 1.0 seconds the missile roll stabilizes. The roi! stabilization syster 
is first-order. Maxigum rol) aaplitude may be up to 90 degrees, and saxisur rol) 
rate is 300 degrees per second. 


(c 


— 


Yaw and pitch osciiiation occurs during the first second at + 10 degrees amplitude, 
approximately 0.5H2. “,., ° sug, = 30 degrees per second. 


(d 


_ 


First body-bending frequency is approximately 40 Hz across the longitudinal axis. 
However, thia frecuerc™ is not excited until after booster ignition. at t= L + 
1.0 seconds. 


_ 


(e) The snaguler velocities of the body-sxes at t = L+ 1.0 are p. r= sero. @= -10 


deEerees per second. 


Under “worst ctse” essveptions, the analytic fore of body-azir rate inputs for the 
seuich phase which satisfied these constraints and boundary values wey be determined. 


* - A cos wit = med) com rt + 72 
+ » Asin et = 0.275 sin 3t ayy) 
= A cos (ete "-6) = F.3T$ cos (3t 7H). 


These values of «.°.2 for L< t € 1.0 seconds are shown in Figure 2. Streightformrd 
subetitugion of the values in the Buler rate equations provide the analytic ezpressions 
for p.@ and ¢ . tie body-azia angular rate inputs. 


After booster ignition iL = } 6) @ continuous tise function of the siasile dody-azia 
rates een obtained frow the trajectory eleulation provided es diacrete print-outs by the 
Wartin Company. This function eas generated d- satching a fifth-order po! mosieal through 
three successive discrete printed points for each cf the body -anzia angular retes. Sim}- 
taneously the derivative of this polynomial was eatched through three, tive corresponding. 
successive discrete printed points fer each of the three dody-asis angular accelerations. 
The sclution of these polynogials as fenctions of tise provide body-axin rete inputs to 
the sigulate? computer. A sigiler tectnique generated an analvcic weloci’s input. These 
iaputa, for the firat fifteen seconds of flight. are shown in Figures 3 and 4. The inpute 
were terainated after 15 seconds, the end of boost phase. (o save siulation tive and 
because, after this time, the angular rates and linear accelerations are both very reduced 
frow the initial fligh. phase. 


Bith a ised qantization level cur trede perageters are ecrd length. iteration rate, 
and integration slgorithe. Figures § and 6 atce the effect of scrd iength on tranaforee- 
tion accuracy for the launch phase iaput. The iteration rate here was arbitrarily picked 
at 1 @illisecond. For this input 20-bit eords are shortest shich do not show round-off 
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error degradation. In these figures the errors shown are within the expected quantization 
ievel error. In the iaunch phase velocity errors are negligible because of the short 
acceleration input time. Figures 7 and 8 show the effect of iteration rate on transforma- 
tion accuracy for the launch phase input. 


Apparently there is no degradation of angle computation even at rates as low as four 
milliseconds. However, although not shown here, there is an increase in angle/velocity 
commutation error at low solution rates. We chose one millisecond because, for this com- 
puter, high solution rates were not as expensive as long word lengths. 


A second-order trapezoidal integration scheme was also tried using one millisecond 
iteration rates and 20-bit word lengths. Any accuracy improvement was masked by the quan- 
tization errors. This agrees with a prediction by T.F.Wiener’ that an overall improvement 
may not result from implementing higher order integration because of the magnitude of 
errors from other sources. 


Because the launch phase, though very severe in dynamics, was too short to observe any 
error growth rates, we provided a moderate missile maneuver of 10 degrees per second turn 
rate, 5 degrees per second pitch, and a superimposed roll oscillation. This is a three- 
axis rate input that varies with time in both magnitude and direction and should show 
error which builds from commutation and truncation. Figure 9 shows this input and the 
transformation error matrix. There appears a small bias error in y from an unknown 
source, but error growth rates are small compared to the quantization level scatter. 


The final test of our synthesized computer are the simulated missile flight trajectories. 
Angle and position errors as a function of time are shown in Figures 10 and 11. The errors 
at the end of boost phase, extrapolated to impact, give miss distances of 30 and 100 feet 
cep. This will not significantly increase the overall missile guidance system design 
accuracy. 


By this time some sharpshooter in the back row is impatient to ask about gimbal lock. 
Our equivalent of a three-axis gimbal set does not have the mechanical gimbal problem of 
providing unlimited torques at high pitch angles, but computational accuracy is trouble- 
some. In Equation (2) we are forced to divide by zero as 6 approaches 90 degrees: a 
singularity, in the mathematical idiom. Two general techniques for avoiding this singu- 
larity, are a pseudo-four-axes gimbal set or a gimbal shifting scheme. 


The rate equations for an equivalent four-axes set are 


?, = k, sin& + (p - &) cos 6 
‘ 
vy = Ik, cos 6 - (p - ?,) sin ¢)/ cos Py (14) 
G = k, -Wsin dg, 
where y = azimuth gimbal angle 
%, = inner roll gimbal angle 
& = pitch gimbal angle 
% = outer roll gimbal 
k, = acos % -r sin}, 
k, = qsing, +r cos. 


This is a set of three equations with four variables and, furthermore, we have not elin- 
inated our chance to divide by zero. What we need is a restraint equation relating 
dy tod, , such that cos ¢, >0. 
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It is possible to convert inner roll gimbal rates to the outer roll axis and implement 
an effective outer rol] rate servo to null inner roll axis rates. This requires more 
computations in the actual transformation matrix and hence will reduce accuracy. 


A simple method of extending the attitude capability is to let $, =p. Since p is 
body-axis roil rate, this should insure that $, is normally large with respect to 4, . 
The exact ratio, of course, is a functior of vehicle flight path. But, with this restraint, 
the equations become 


$, = P 

$y, = k, sin 6 

: (15) 
yy = k, cos & / cos Py 

6 = k,-wsing,. 


Of some interest here is a limiting value of %, since $, = 90° is again a singularity. 


From Equations (14) and (15), 


o = (a sind + rcos ,) sin, 
t 
where % = i pdt. 


Most air-launched vehicles are roll stabilized prior to firing the booster, or begin- 
ning any trajectory shaping. This diminishes the chances of flying the missile through 
the launch aircraft. So then q and r _ will be small or sinusoidal until Py = ts; 
Then %, xr sin @, and so should be small unless we have high body-axis yaw rates at 
high pitch angles. This is an undesirable motion called “fishtailing”. 


The additional computations involved in this scheme have negligible effect on accuracy. 
The performance for the Trajectory 1 and 2 inputs are shown in Figures 12 and 13. Again, 
extrapolating the errors to target impact, the computer contributes about 30 and 110 feet 
cep, respectively. 


A more interesting technique for providing all-attitude capability is gimbal shifting. 
Since gimbal lock always occurs only about the inner gimbal it is possible to sense the 
approaching problem and quickly shift the order of gimballing from yaw-roll-pitch to yaw- 
pitch-roll, for example. The explicit form of the transformation equations which must be 
solved are changed, but the complexity and accuracy are not affected. The key to this 
quick change is the solution of the new roll, pitch angles in terms of the old pitch, roll 
angles. If two equivalent column vectors of two orthogonal matrices are equal, the matrices 
are equal. By judicious selection of the column vectors of the old and new transformation 
matrices which we equate, three simple simultaneous equations are obtained. The solutions 
for the two new angles are 


6, = tan™'[cos ®& tan 9] 


% 


(16) 


tan” '[tan ¢, / cos 9.) 


These equations are simple for the vector computer, and need be solved only once to shift 
the gimbals. If attitude output information is required for missile control, then these 
equations must be solved inversely and continuously at a low rate. But these computations 
are outside the strapped-down transformation aud accuracy is not affected. 
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The Euler angle vector computer is operationally feasible, but is it physically 
realizable? - A reasonable question because the answer is “yes”. The total functions of 
the computer were specified in detail and logic diagrams were generated. From these 
diagrams a preliminary hardware design study, including packaging, was completed. The 
functions of the computer for a typical missile are as follows: 


(a) Strapped-down to inertial coordinate conversion: Euler angle, three-parameter 
transformation. 


(b) Navigation: tangent plane. 


(c) Guidance: roll attitude control, cross product pitch/yaw control in body-axis 
coordinates. 


(d) Missile control: subsystem discretes and auto-pilot. 


Although a particular navigation coordinate system and guidance scheme were selected, 
the choice is not restrictive. ‘heir only purpose is to establish approximate memory 
size and computer solution times. Equivalent equation sets may be substituted readily. 


The general characteristics of the computer are: 


Type: General purpose, parallel, vector. 

Number System: Binary. 

Negative Number Representation: Two's complement. 
Word Length: 20 bits. 

Radix Point: Semi-fixed, fractional numbers. 
Command Repertoire: 16 basic instructions. 

Logic Type: TTL. 


Memory: 512 words, 20 bit, NDRO (core rope) 
64 words, 20 bit, DRO (ferrite coincident current). 


Operations Rates: Add time = 24 sec. 
Multiply = 8. sec. 
Divide = 16 sec. 
Rotation 
= 36 Cc. 
desi oe 


The solution time sequence of the computer is shown in Figure ‘4. As shown, the 
strapped-down conversions occur every millisecond, and the command functions are generated 
every six milliseconds. This is more than adequate frequency response, and, together with 
the 40% spare memory locations, provides good growth potential for operation with other 
guidance equipment. With existing logic components this computer can be packaged in 300 
cubic inches and will weigh 13.5 pounds. 


Although the study is concerned with a missile, the conclusions apply generally tc many 
vehicles for which strapped-down inertial navigation is applicable. These conclusions are 
as follows: 


1. Cost: Given a parallel, vector, whole-number digital computer in the vehicle for 
guidance and control, the strapped-down conversion may be implemented with a minor 
increase in memory size. Approximately 6 temporary and 12 permanent locations must 
be added. The exact number and length of the words depend on accuracy requirements 
and attitude limits of the vehicle. 
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In contrast, T.F.Wiener? estimates that the incremental computer requires 27 
integrators to generate the direction cosines and perform the velocity transforma- 
tions. 


2. Accuracy: This study showed that the accuracy for this application is primarily a 
function of quantization which is, in part, determined by the vehicle dynamics. 
That the three-parameter Euler angle technique may be made equivalent in accuracy 
to the direction cosine methods for many applications may be inferred from the 
following: 


(a) A comparison of the analytic errors of the two transformations is shown in 
Table II. 


(b) A compariscn of simulation studies for an equivalent three-axis monotonic rota- 
tion input is shown in Figure 15. The direction cosine transformation shows 
only truncation errors, while the Euler angle transformation, converted here 
to equivalent direction cosines for ease cf comparison, contains all inherent 
errors of the method. The scatter is primarily from quantization effects. 

Both techniques implement only first-order integration. 


3. Flexibility: Three items are worthy of mention. 
(a) All attitude operation is possible with no decrease in accuracy. 


(b) Attitude output information is available with no additional hardware or compu- 
tations. This information is useful for the following. 


(i) Vehicle control such as roll stabilization or pitch programming. 
(ii) Vehicle attitude information for manned vehicles. 


(iii) Initialization by gimbal matching techniques. This is especially 
valuable for extremely short reaction time vehicles since the angles may 


be initialized as fast as loading a single register. 


(iv) Sensor corrections. The angles computed for body-axis to inertial con- 
version may also be used to convert from inertial to body-axis, For 
example, in initializing an inertial system to the tangent plane co- 
ordinate system, gyro fixed biases may be calibrated automatically to 
the limit of accelerometer sensitivity by proportional plus integral 
leveling loops whose output rates are converted from inertial back to 
gyro axes, 


(c) Integrability with position navigation systems is easier because only three 
parameters must be included in the state vector for the transformation process. 
And these parameters are Euler angles which are identical to gimbal set update 
quantities. 


Interfacing with the fire control computer is easier because the fire control 
and missile computer may both use the same number system. 


For many strapped-dom systems, then, a vector computer solving a three-parameter 
Euler transformation provides increased flexibility with comparable costs and performance. 
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TABLE TI 


Qrantization -rrors 


Angle (deg) Error (deg) 


TABLE II 












Gyro Output 
(deg) 





Analytic Error Comparison 


Error Classification 3 Parameter Euler Angle 


1, Truncation (first order integration) 
Rotation Input: Drift (Ref. 5) A63/3 
Skew (Ref. 5) O (Note 1) 
Scale (Ref. 5) O (Note 1) 
Vibration Input: Limit Cycle (Ref. 2) 


Commutation: Angle/Angle (Ref. 1) 


al 
Vel. /Angle Variable (Ref.3) Av Ax/2 


Quantization Equivalent Equivalent 


Round-Off Not Evaluated Not Evaluated 





Note 1: Transformation is orthogonal 
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Fig.1 Simulation block diagram 
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Fig.4(b) Position, attitude versus time-of-flight 
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Fig.13 Trajectory 2 - Four-axis simulation 
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A CONCEPT OF DIGITAL AVIONICS* 


J.P. Bussell 


1. INTRODUCTION 


This paper is concerned with the results of studies of the application to avionics of 
whole-number, general purpose, digital techniques (referred to throughout as digital 
systems). In particular we have had the following functions in mind: 


Inertial platform computations (e.g. ARINC 561). 
Navigation (e.g. ARINC 562). 

Automatic flight control. 

Power plant control. 

Head-up display. 

Air data. 


1.1 Sisple Digital Systems 


For the purpose of this paper it will help to clarify the principles of this systex 
concept to begin ty defining a basic digital systee block diagram. The simplest possible 
system utilising whole-number, genera] purpose techniques is shown in Figure 1. The 
system consists of a number of modu)-s : 


1. Power supply module: This provides stable power and permits the system to be 
isolated from trausients in the aircraft power supplies. 


2. Interface modules: These are a wide variety of devices which are required to con- 
vert incoming data from the form in which it exists outside the digital system into 
the form in which it is required inside, and vice versa. These modules may have to 
perform analogue to digital conversions, digital to analogue conversions and/or 
convert from one digital format into another. 


3. Programme store module: ‘nis is programmed for the function of the system. 


4. Data store module: This contains the data which are normally changing during any 
one period of use of the system. This module may or may not be part of the pro- 
gramme store module. 


5. Processor module: This acts on the data received from the interface modules, under 
the instructions of the programme store, producing intermediate results which are 
stored in the data store and putting out results through the interface modules to 
the displays and actuators. 


1.2 The Past 


Before we attempt to discuss the present and future of digital avionics it is useful 
to consider the past. 


Early airborne digital computers were designed to meet a specific system requirement. 


*The opinions expressed in this paper are those of the author and do not necessarily represent 
current company policy, 
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They suffered from the disadvantage that they were relatively expensive. Because of this, 
the idea cof a so-called “central digital computer” was developed. This concept expressed 
the fact that the economics of general purpose computers favour their use in solving iarge, 
couplex problems rather than small ones. 


This idea of a central digital computer has met with considerable difficulty in avia- 
tion applications for two reasons: 


Tategrity 

The conventional avionic system has evolved as a system of separate, largely inde- 
pendent units, each performing a separate function. This configuration has resulted 
in an inherently high integrity system whose total failure is a highly improbable 
event (i.e., a system which is inherently safe). The idea of a “central digital con- 
puter” challenges this integrity concept because it merges in one box the functions 
previously performed by many. This has the result that the probability of all systems 
failing is the same as for only one system. This is clearly uwacceptable. 


This shortcoming of the ‘central digital computer” concept can be rectified by 
introducing multiple (redundant) units in such a way as to restore the system integrity. 
Hovever this must have the effect of adding considerably to 


Cost 


The high cost of digital systems created a barrier over which it was very difficult 
to sell digital devices in areas which traditionally used analogue systems. Most of 
the early systems were devised to meet requirements which could not be met in any 
other way (e.g., very high accuracy military navigation). 


The basic cost factor was, and still is, aggravated by the complexity of the peri- 
pherals associated with such a system. In particular it is necessary, in most systems at 
present, to integrate the digital system with a wide variety of analogue transducers and 
actuators. This involves complicated special-to-type analogue to digital and digital to 
analogue converters. In the worst case the cost of these devices can exceed the cost of 
the other modules. 


2. THE MERITS OF DIGITAL SYSTEMS 


In the long term, the chief factor influencing the design of the digital systems will 
be their particular merits. 


2.1 Flexibility 


The ability to develop the system programme in a variable store results in substantial 
reductions in development costs. For example, in the development of an analogue auto- 
pilot, a change in the system requirement may necessitate a partial redesign of the 
equipment. In many cases such a change would only result in a minor programme change in 
a digital system. In addition to reducing the work load involved in the change, this 
flexibility shortens the time scale and the consequent costs of maintaining a design team. 


Another important aspect of this flexibility is the ability to experiment during the 
development of the system without the necessity of making changes to the hardware. 


2.2 Universality 


The ability to offer the same basic hardware for the solution of a variety of system 
problems, as well as for different applications of the same type, offers a potential 
decrease in development costs across a wide market. 


In addition to this, the large scale manufacture of such devices offers potential 
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savings in manufacturing costs. 


Finally the use of common hardware for many different functions, particularly within 
the same aircraft, could result in large reductions in the total cost of ownership in 
terms of reduced spares holdings, reduced maintenance training, shorter maintenance times 
and nence more efficient aircraft utilisation. 


2.3 Computing Ability 


Oigital systems offer the ability to carry out calculations of a much higher order of 
complexity than analogue systems. Thus, for example, with a digital system it is possible 
to consider facilities for power plant control giving : 


Fuel optimisation 
Adaptive control 


Parameter degradation and failure prediction. 


These facilities can result in an effective reduction in the total cost of ownership. 


One of the principal differences between analogue and digital devices is the way in 
which the components are used in the valculations. Analogue systems use integrating 
amplifiers, servos, cams, etc., each capable of performing one computing function. 
General purpose digital systems use most of their components, most of the time for most 
of the functions. This has the important advantage that the system can be programed to 
carry out calculations aimed at monitoring its own performance. Such calculations can be 
used in two important ways : 


(i) Maintenance Checks: Aimed at producing a rapid turn-round of the aircraft and 
consequently higher revenue-earning capacity. 


(ii) Failure Detection: As part of a high integrity “failure surviving” system. 
Studies of this technique suggest that it is possible to achieve a very high 
probability of failure detection using a system which requires only a small 
amount of hardware in addition to the self-monitoring programme. Thus the 
equipment design can still be independent of the system application in the sense 
implied in Section 2. 2. 


2.4 Cost 


A very significant factor in this situation is cost. A study of digital system prices 
reveals several striking facts. 


Over the past few years there has been a very high rete of growth of digital component 
technology. This development is remarkable in having simultaneously produced components 
which are smaller, have a higher performance for a lower power and at a lower cost. At 
the same time the increasing complexity of each component has implied simpler systen 
desigu. This factor and the increasing sale of digital systems has resulted in substan- 
tial reductions in manufacturing costs, which have also been accompanied by a rapid 
improvement in performance. 


There is no evidence that this process of improvement in performance coupled with 
decreased costs has any limitations. As a rewwlt the current prices of airborne digital 
systems are already competitive with the most comlex analogue devices. 


2.5 Reliability 


Because of the greater degree of standardisation, process contro] and automation, 
modern components have become auch more reliable and this trend is one which can be 
expected to continue, The same can also be said of equipment design. Apart from these 
factors, the wide area of potential application offers scope for a much greater degree of 











286 


reliability engineering. Thus in every respect the use of digital techniques offers 
considerable hope of improvement in equipment reliability. 


2.6 Digital Interfaces 


The use of controls and transducers with digital outputs, and displays and actuators 
with digital inputs would facilitate the introduction of digital data transmission 
systems. Such systems could be expected to result in a number of advantages: 


(i) A significant reduction in the quantity and type of avionic signal wiring. 


(ii) Higher integrity resulting from built-in error-detecting techniques (e.g., 
error-detecting codes). 


(ii) The easy interchange of boxes for different aircraft roles (i.e., the location 
of a box can be independent of its function). 


(iv) Simplified system development because of less physical interdependence of 
different boxes. 


2.7 Conclusions 


To summarise then, the present is characterised by devices whose potential in applica- 
tion to avionic systems is undoubted but whose development is held up by very high first 
cost. What then of the future? 


3. THE FUTURE 


Whatever is offered now by the manufacturer of digital avionics must conform to two 
basic rules: 


(1) It must offer solutions to avionic system problems which are compatible with 
market requirements now. This calls for a compromise between digital technology 
and the commercial needs of aviation systems and expresses the practical need to 
produce the first mutation in the evolution of digital avionics. This require- 
ment dictates present hardware design and implies that it must offer the cheapest 
solution to the smallest problems. This means that we must define the size of 
the smallest problem in terms of programe store capacity, data store capacity, 
word length, computer speed and instruction facilities. 


(ii) It must offer the capability of being developed by small evolutionary steps into 
the ultimate system concept. This requirement recognises the built-in conserva- 
tisa of aviation development which derives from the fundamenta)] need for safety. 
This need is expressed in a desire to develop aviation systems from the ‘knowm” 
by small evolutionary steps towards the “unkrom”. There is a well-known word 

, game which provides an excellent analogy to this evolutionary process. The game 
consists of changing one word into another in such a way that only one letter is 
changed at a time and that each change produces a meaningful word. For exampie, 
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At the same time this requirement means that the design must be applicable to 
complex problems without seriously prejudicing the requirements of very simple 
systems. 


Before considering the immediate future it follows from the preceding remarks that it 
is convenient to consider the ultimate utilisation of digital techniques. This provides 
an aiming mark towards which we can direct the design concept. This aspect is simplified 
because it need take no xccount of expediency but only of the ultimately compelling fea- 
tures of the interaction of basic avionic system design and the merits of digital systeas. 
It is the ultimate compromise between these two technologies which we are seeking. When 
we have defined this ideal system we can go on to consider the evolutionary process itself 
and its effect on present -day design. 


3.1 The Ideal Digital System 
The ideal digital system would have the following characteristics: 


Integrity ; { 
It would need to be capable of built-in redundancy for integrity purposes. 





Digital Iaterface 
It would make use of a digita) data transmission system (see Section 2.6). 


Modularity 
It would be modular in the sense defined in Section 1.1, for the following reasons: 


(i) The modules are designed to form part of various systems units, each of 
which will require additional, different, special-to-type sodules ead will, 
in general, be built into various size boxes. 


While it is perfectly feasible to design the hardware modules to be 
compatible with standard rack sizes it is unlikely that it would be prac- 
ticable to offer all systems in a standard box size. 


(ii) The requirements at module level (discussed in more detail in Section 4) 
show that in moat cases a particular module may have to have gore than one 
fore (e.g.. d.c. and a.c. power sodules). 


(111) High integrity requirements result in a need for aultiple redundancy which 
is most economically employed at module level. 


(iv) It is generally true thet the more complex the programme the higher aust de 
the speed of the proceasor. This is a situation which tends to reduce the 
aystem cost effectiveness when the required processor speeds are beyond shat 
ia readily obtainable in the current “state of the art". In this situation 
the only practicable solution is to adopt a eulti-processor systea. 


(v) Modularity permits a close eatch between the systes requirements and the 
hardware realisation over the broadest system spectrue. 


Thus it is better to regard the sodules as systes tools which can be assembled together 
in various configurations, rather than as an unique combination asseabled into a particular 
box size. 


A typical system complez is shown in Figure 2. It sbould be noted that the systes 
dispenses with the interface aodules shown in Figure 1. Instead it employs a digital date 
transaission system, in the manner discussed in Section 2.6. The data transaission uysten., 
displays and digital sodules are all arranged in eultiple (redundant) configurations in . 
each of which the level of redundancy is determined individually by the system integrity 
requirements. 
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3.2 The First Step 


. We must first consider what is the best way to promote the use of digital devices in 
hitherto analogue systems. Particular attention has been given to the functions listed 
in Section 1.1. 


It nas been assumed that 


(i) A digital system must be offered as a direct r-placement of an existing analogue 
system and must be competitive with it. A.cther way of stating this is to say 
that it is not the concern of the customer, a priort, that the system is ana- 
logue or digital but only that it does the right job, in the right way, at the 
right price. This implies that it is unwise to use the merits of digital sys- 
tems to counter disadvantages in cost, size, weight, power consumption, relia- 
bility and performance. 


(ii) For the previous reason, and because of the inherent need for caution in system 
design, it is unwise to modify system integrity concepts until experience has 
been gained by substituting digital devices in systems where the integrity 
concept has been well proven with analogue devices. 


Thus we conclude that the first step is to specify psinimal modules which are competitive 
with existing analogue devices. 


4. THE SYSTEM CONCEPT 


Arising out of the various considerations already discussed, we have developed a system 
concept. This may be siaply defined as a digital, avionic, system concept designed to 
match the system costs as closely as possible to the spectrum of market applications and 
aimed at providing the first step of an evolutionary development towards the ultimate, 
digital, avionic systes. 


To provide for the simplest system applications and, in particular, to promote the first 
applications of this type of digital system it is necessary tc optimise the design around 
the simplest system requirements. This, together with the reasons enumerated in Section 
3.1.. leads to the conclusion that the concept aust be modular. For the simplest aystans, 
@inieal cost 18 achieved by providing for a seal] store module and a siaple processor. The 
gore complex requirements can be met by aulti-store, aulti-processor systeas. Froe the 
point of view of the processor it can be stated that minimal cost hardware necessitates 
optioum progremme fecilitien. That is to say that ee cannot achieve a einieal cost solu- 
tion without a detailed study of the functional requirements of each calculation. Such 
studies have been carried out and have allowed us to arrive at a statement of the functione) 
specification of the various sodulea. These are now discussed. 


4.1 Power Modales 


Por aviation requirements it is likely to be necessary to provide siniature stabilised 
power supplies operating from a.c. or d.c. aircraft supplies. in addition con-einlature 
@odules operating off eains supp'ies would be required for ground rigs. 


4.2 laterface tedsles 


the system concept iaplies the ability to interfece with eaay different systems and to 
be capable of fast data rates over a lisited periad. The sodule interfacing aysten eust 
be capable of accepting special system oriented interfaces (e.g. analogue -digi tal -enelogue 
converters) and to bave direct access to the data store, or to be controlled by the pro- 
cessor. 
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4.3 Store Modules 


Qe of the commonly accepted features of digital systems is the great flexibility 
offered by programme stores in which the programe is written electrically (see Section 
2.1). However, this flexibility presents a risk of failure in the presence of electrical 
disturbance. In view of the high integrity requirements implicit in many of the functions 
considered, it is regarded as essential to provide fixed (i.e., mechanically determined) 
programme store modules. This requirement is facilitated by the fact that these applica- 
tions are characterised by programmes which require small amounts of work space in relation 
to the prograrte storage and which are likely to remain fixed throughout the useful life 
of the systen. 


In practice, however, the situation is less clear cut and there are numerous conflicting 
requirements. For example: 


(i) The advantages of variable store for development purposes, already mentioned. 


(ii) There are many systems where data is semi-permanent, in the sense that it may 
need to be changed infrequently during the life of the system. 


(iii) In some systems there may be a requirement to modify the progremme during the 
working life of the aircraft. 


(iv) There may be a requirement for different programmes for different roles (e.¢., 
in military aircraft). 


In practice then it would seem that we must accept that integrity varies with the 
degree of permanence of the programme and that all systems will, in general. require a 
mixture of storage media of varying permanence in differing proportions. Clearly it would 
be desirable to define a storage aystem which would offer all types of storage within the 
seme basic module. This would have two principal advantages. Firstly there would be 
complete interchangeability between development and production versions of the same systen. 
Secondly it would sinisise the hardware required for store driver circuitry. 


On the basis of various detailed studies of the applications listed in Section 3.1, it 
has been concluded that the optimum programme store sodule size (consistent with the pro- 
cessor facilities described below) is 4096 words. A smaller store is likely to restrict 
one or pore of the applications considered. 


These studies have ealeo abown that, for this programme store module size, the sinioum 
data store is 128 cords. 


4.4 Processor Sodvle 


The principal fectors affecting the quantity of herdware in the processor and the data 
store are the instruction facilities apd the eord length(s) to be used. 


$4.8 Instraction Set 


The aveber of inatructions which it is possible to eechanise in e digital processor is 
@ function of the number of registers in the processor. Even for e sinieal type of pro- 
cessor, vech an considered in this paper, it would probably be possible to sechanise 
something like 30 to 40 different instructions. It follows that the ouaber of says in 
hich (hese iastructiona say be combined to give an inetruction set is alsost infinite 
and it fe clearly taprectical to study aad compere al) possidilities. 


The approach chich ven therefore adopted was to study the utilisation of orders in other 
computers of a aivilar specification in an atteapt to determine ehich sere really effective. 
The effect of reaoving orders singly was studied in teres of the effect on prog reame 
length. The reevva! of one order and the substitution of another sas also studied in teres 
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of its effect on overall programme length and cycle time. By this method it was possible 
to justify the inclusion of each order in terms of its effect on programme length and/or 
speed. 


Studies of the instruction set required have revealed a number of significant facts 
about the utilisation and efficiency of various types of instruction. Figure 3 shows 
histograms illustrating the distribution of instructions in typical military navigation 
programmes using the Autonetics Verdan computer and the Elliott M.C.S. 920 computer. 

The important conclusion to be withdrawn from these two histograms is that the utilisation 
of different instructions is very variable. This suggests that, beyond a certain basic 
minimum number, the addition of further instructions to the basic set is unlikely to be 
justified on grounds of utilisation alone. ‘ihese studies suggest the minimum instruction 
set of Table I. (In the table the effect on programme capacity of removing orders singly 
from the instruction set is referred to as the “effective capacity value”. ) 


TABLE I 


Reason for inclusion 


Essential basic orders 








WRITE 
JUMP IP NEGATIVE 
NEGATE & ADD 
INPUT/OUTPUT 

















READ 
ADD 
ORDER MODIFY 

JUMP (Unconditional) 
SHIFT 

SUBROUTINE ENTRY 
EXCHANGE 

JUMP IF ZERO 







Effective 










capecity 






value (%) 






Qaission reduces 
the effective speed of the 
processor by a factor of 4 


Facilitates extended length 
working (see Section 4.4.2) 


Facilitates efficient use of data 
store 


ea i eee 








4.4.2 lord Length 


The data cord length determines the accuracy with ehich the proceseor can readily 
perform eny calculation. The word length is defined as the nupber of binary digits or 
bits. If a word length of a bite is used, @ number can be represented to en eccuracy 
of one part in 2 . It is a convenient rule of ttumd that 10 bits corresponds to 3 
Gecimal digits (i.e.. 2'° = 1098 ~ 10’). 


If the processor is not to degrade the accuracy ef the aysten the eord length oust be 
Ccopsistent eith the eccuracy of the transducer data entering the aystem. in general, ia 
avionics, the data is seldos es accurate as 0.16 and so i0 bits is adequate. Allowing a 
farther 2 dits for round-off errors in calculation gives a setisfactozy workiag vord 
leagth of 12 bits. 
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This is not an absolute limit, however. There is nothing to stop the processor working 
to much greater accuracy by using special programmes. To facilitate this extended length 
working it is necessary to provide the accumulator with an extension register which can 
hold the least significant half of the result of a multiplication. ‘The contents of this 
extension register can be written into the data store using the “store extension register” 
instruction. The register can be loaded as a “side effect” of another instruction (e.g., 
Negate and add). 


4.4.3 Instruction Structure 


With a system utilising a relatively small data store it is possible to use a fixed 
programme store more efficiently by adopting a two-format instruction structure in which 
short words are used for instructions addressing the data store and long words for pro- 
gramme jumps and the storage of constants. Such a system can result in a 10% improvement 
in programme store utilisation. However, in the more general situation, where some systens 
require large amounts of variable storage, the scheme is inefficient. For this reason a 
single format structure is adopted. 


Further than this, for systems using large amounts of variable store it is desirable 
that data and instruction words are interchangeable. For this reason it is concluded that 
the instruction word length should also be 12 bits. 


To obtain the instruction set in Section 4.4.1 efficiently it is necessary to allocate 
4 bits to define the instruction function. This leaves 8 bits only to define addresses. 
Addressing the whole programme store module cen be arranged by the use of “order pedi fy” 
facilities. Address extension registers built into the additional store modules can 
accommodate multi-store systeas. 


4.4.4 Speed 


\ssuming we adopt the same techniques, a sore complex calculation will require a longer 
progragme and will take longer to perform in the computer. 


In general it is possible to increase the speed of a programme by using more programe 
store. For exemple a large stored table is often a faster method of generating a function 
than a amall polynosial subroutine which occupies such leas programee store capacity. 

Thus larger storage systems can be utilised to increase the effective speed of the systen 
es well as to increase the size of the task perforved. 


Speed requirements are basically determined by the function which the systes is required 
to perfors. For the system functions listed in Section 1.2. it has been found that io the 
worat case en average instruction tise of about 7.5 sicroseconds gust be achieved. (tote 
that this average is taken from the programee and not frow the instruction set.) 


Another factor contributing to the effective speed efficiency of the system is the 
interrupt fecility. Many of the systee tasks envisaged are either time-dependent, in that 
a defincs and fairly exact repetition rate is required. or alare-dependent, io that the 
prograsee must react qwickly to a relatively infrequent high priority stieulue. ‘These 
requirements jadicate the need for an interrupt systes, such that the base programme say 
be interrupted at any tise and a sore iaportant task aay be undertaken. The hardware 
interrupt systes aust operate eitner with a siaple hardware interrupt discrisinator or eith 
an executive programe ehich sill assign task priority to the interrupting device. As the 
interrupted programme must always start at a given point and canact itself be interrupted, 
the provision of a fized interrupt level start address is acceptable. This resoves the 
need to store the interrupt level sequence contro] register and reduces the processor 
hardware. the interrupt discrimiaation can be previded by allowing the fixed interrupt 
level starting address to be externally sodified. The logic required to operate this dis- 
erieipation aystes can be system oriented and can form part of the systee oriented fater- 
face logic. 
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5. CONCLUEIONS 


The purpose of this paper has been to describe the basis of the development of an evolu- 
tionary, generic concept of minimal cost digital avionic modules. The concept is one which 
extends across the whole range of avionic computation and can also be regarded as part of 
a wider concept including industrial process control systeas. 


There is no doubt that the potential merits of digital systems offer the prospect of an 
ultimate revolution in avionics. The system concepts eventually adopted will look very 
similar to those conceived for ground applications. However, revolution is unacceptable 
in avionics and these . ‘anges cannot be expected to occur quickly. For this reason the 
concept discussed in this pape; ‘n one which is essentially evolutionary in character. It 
offers both the long-term system advantages and the essential first step on the road towards 
ideal digital systeas. 


It is only within the last few years that digital devices have reached the point where 
they are likely to be economically viable, and then only with the more coaplex analogue 
devices. It is probably fair to talk in terms of digital computer price reductions of 80% 
within a decade. These reductions result in the gain from very rapid changes in component 
technology. These changes have, in most cases, simultaneously offered reductions in size, 
weight and power consuaption, as well as offering improvements in functional performance 
and reliability, a situation which must be almost unique in technological] history. What is 
more, this process shows no sign of slowing down. For this reason it is possible to pre- 
dict with confidence a continuing reduction in the real price of digital devices. the rate 
of this reduction is likely to outstrip any corresponding reduction in the price of ana- 
logue devices and so it is reasonable to anticipate that digital devices wiil be viable 
in @ larger and larger sector of the market. 


In addition to the factors just mentioned, the increasing usv of digital devices in air- 
craft is likely to promote the developwent of transducera with digital outputs and digital ly 
driven actuators end displays. This vill create an environment in which digital] deta trens- 
mission end display systems are encouraged to develop. ‘This in turn will result in a 
Gragatic reduction in the need for anelogue to digital and digital to analogue converaion 
modules which currently represent sajor cost end reliability obstacles to the sale of digi- 
tel aystess. As a resuit it is possible to predict an acceleration of the utilisation of 
digital devices, moving progressively towards the ultiaate concept of aulti-processor, 
ulti-store systems associated with digital date transmission and display aysten coepleses. 
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Pig.1 Block diagram of « siaple digits] systes 
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Fig.3 Utilisation of programme instructions 
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SUMMARY 


The microplasticity of metals is discussed and work on materials used in 
precision instruments is reviewed. Some new data are presented for beryllium 
cbtained from R.0.F. Cardiff, which closely agree with results on beryllium 
from the Brush Beryllium Corp. Variable drift in a precision gyroscope has 
been traced to ligament creep and steps to reduce the effect are described. 











WICROPLASTICITY IN METALS FOR PRECISION INSTRUMENTS ® 


0.H. Wyatt 


1. INTRODUCTION 


Components for inertial navigation systems can be regarded as very precise arrangesents 
of metals, ceramics, glasses ani polymers. A great deal of attention is paid to optimising 
the arrangement, considerably less to the properties of the materials. ‘This may be due 
to the neglect of materials science in gost engineering and physics curricule and the 
noticeable unwillingness of metallurgists (or meterials scientists, as they are now known) 
to take engineering-type jobs, although their knovle’‘ge and abilities would be an import- 
ant contribution to many engineering projects. A count of the number of different 
materials in the sensitive element of one gyroscope gave over 20 metals, 7 polymers, i 
cermet and 1 glass. Each of these possessed properties vital to its application, but 
detailed questions on their structure and properties oftea go unanswered for lack of 
trained opinion. 





In planning this paper it was intwded to cover briefly 8:1 classes of materials ond 
show how the different types of saiosic bonding are responsible for their sacroscopic 
properties which make thea suited]: for particular applications. This turned out to 
require a text-book, not a paper. end the field has had to be narrowed to metals, and in 
particular, their microplasticit:, and enelasticity, that is. euall departure from Hookean 
elastic behaviour (stress = content « strain). The topic is one of three legs on which 
the larger subject of saterial stability rests, the other two being residus] stresses and 
phase changes. It is the intention to rover these in a later paper. 


Wicroplasticity is peculiar to petals as a class on account of the ease with which 
dislocations can sove in a crystal] or grain. As is well known to asterials scientiats, 
dislocations are the line faults in the regular arrangement of etoes in a crystal shich 
ere responsible for the slipping of atoms planes past each other during plastic flow. 
Blip is inhomogeneous like the forward progress of a caterpiller. It starts on some part 
of en atomic plane and the dislocation separating the slipped aad unslipped regions soves ‘ 
steadily over the plane. All materials have large numbers of dislocations built into the 
crystal structure (10° - 10’ cm of dislocation per ce? of eaterial) and under strees they 
begin to Gove. Because of the nature of ionic and covalent bendings present in ceramics, 
dislocations require high stresses to move thea and ceramics vsuslly fracture before they 
flow plastically. Metallic bonding, however, permits the dislocetion to aove over seny 
of the atomic planes under low stress and the probies with aetals is to prevent disloca- 
tion sovement, so as to give a useful elastic range. ‘There are a lisited number of tech- 
niques available which, for siaplicity, say be regarded as distorting the regularity of 
the lattice by iutroducing oversize solute atogs or fine particles of a second phase. 
These wethods are only pertially successful in holding the dislocations in position uatil 
the applied stress is sufficient to cause large-scale dislocation sovement and gross 
plastic flow. 


“This paper expresses the opiaions of the author and does act necessarily represeat the official 


views of the Rayal Aircraft Beteblichasat. 
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Mechanical designers often asinume that petals are ideally elastic, as envisaged by 
Hooke (1678), up to the yield stress above which gross plastic flow occurs. This is 
adequate for many purposes but, even without any knowledge of the physical mechanisms 
involved, it is obviously inadecuate in others. It is well known, for example, that 
repeated application of stress vell below the conventional “yield stress’’ will eventually 
cause fatigue fracture, indicat:ng that ideal elastic straining is not taking place. 
Again, under creep conditions, -he strain is a function of time although this parameter 
does not appear in Hooke’s Lew Much of the work of physical metallurgists is devoted to 
sicroplasticity in one guise. or another and it is only possible to select certain topics 
here which seem most reievant to the design of I.N. components. 


The following sections discuss various forms of microplasticity: microyielding, 
hysteresis, damping and microcreep. Then follows a review of previous experimental work, 
gpeinly on sicroyielding, with materials of interest to component designers. The final two 
sections relate some recent work on beryllium microyield stress and on ligament sicrocreep. 


2. RELATED EFFECTS IN MICROPLASTICITY 


Several closely related effects are associated in microplasticity, as illustrated in 
Pigures 1, 2 and 3. Figure } shows a conventional stress-strain curve of a ductile metal: 
& nominally linear and elastic strain up to about 10°? is followed by gross plastic flow. 
Unloading at point 1 on the yield curve brings the strain down the line 12 approximately 
parallel to the initial elastic range. To avoid dispute as to the exact. point of departure 
from linearity, the yield stress is defined as the position at which 0. 1% strain off-set 
from the tangent to the initial part of the stress-tota] strain curve has occurred. The 
plastic strain is then of the same order as the elastic strain. This yield stress hes 
probably no physical significance but is an arbitrary point teken on a continuous stress- 
plestic strain curve. Even if e discentinuity can be shown to occur, as in the sharp 
Yield point of mild steel, which is due to the onset cf some particular dislocation sech- 
enisa, it does not necessarily preclude the existence of other dislocation sovesents of 
sigificance at lower stresses and strain. Figure 2 shoes a much enlarged view of the 
first part of the same curve, using @ strain gauge with sensitivity ‘{ncreased from 10°“ 
to 10°". At very low stress (a). the curve is lineer and appears exactly reversible, that 
is, beheviour is Hookean elastic. At slightly higher stress (b), the loading curve becones 
slightly curved over at the top, os if plastic flow was commencing, and on unloading the 
curve drope initially at the full rate of the ela:tic acdulus: but as ihe stress nears 
zero the curve bends in to close the loop. ‘The eaterial can be taken round the loop eaany 
tines without detectable change, though the work represented by the area of the loop is 
converted into heat. This effect is called mechanical hysteresis. 


loterest in mechanical hysteresis wes revived by Roberts, Brom and Ekval)':? and their 
technique has been widely employed since. The loop area © (work done per unit volume per 
cycle) is measur d as a function of the eazsieus strain width of the loop % . Q@m theo- 
retical grounds it was claimed that they are related by the equation 


B= ase , 


where %, is @ friction stress opposing dislocation eovesent. This is based on the con- 
cept of the hysteresis being caused by bowing of dislocations between anchor points. Dis- 
locations have energy end can be considered as being under tension. The applied stress 
tries to drive the dislocation foreard and at equilibrium this is belanced by the tension 
end a friction stress. Om increasing and decreasing the applied stress the plastic strain 
is different by the strain equivalent of twice the friction stress. Sxperieenta] carves 
of © aginst €, have not always been straight lines through the origin and coatroveray 
has raged over the correct sodel. It has recently been showm by Bacon? that, if the fric- 
tion stress is assumed to be orientation -dependent, the equations of dislocation bowing 
ere sodified to give a slightly curved relationship between © and which agrees with 
the experiaental data. 
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Another way of detecting hysteresis is to measure the damping in free or forced vibra- 
tion. Two new factors are introduced: the stress may not vary between zero and some 
value; the straining rate or time element. Depending on the material, these factors can 
be significant. Demping will not be considered further here; the subject has been 
reviewed by Entwistle!’, 


Raising the maximum stress at first increases the size of the hysteresis loop (Fig. 2(c)) 
and then causes the loop to open (d). This is the onset of plastic flow, that is, residual 
strain on removing the load. Since the magnitude of the strain is so such smaller (~ 10° °) 
than conventionally detected (10°°), it is called microyielding. Cycling the load to the 
same stress level] now causes further increments of residua] strain. As with hysteresis and 
macroyielding, microyielding is normally detected at a stress level which is determined by 
the sensitivity of the strain gauge. However, in some materials it has been shown that the 
stres8-plastic strain curve can be extrapolated to zero straiu to give a finite intercept 
stress with physica] significance. ‘his will be discussed later. 


A final effect is due to the time factor (see Figure 3). Even in the range of elastic 
hysteresis, the loop has been observed to close at the end of a losd cycle only after a 
period at zero stress. Similarly, at the aaximum stress the strain increases slightly 
with time. Because the strain is linear with log (tise) the creep rate falls rapidly. At 
higher stresses, creep increases both on loading and miloading. Nevertheless total creep 
strains are smal] in comparison with the elastic strain and limited with tiae. Creep is 
a thermally activated process and thus very sensitive to temperature. It is a mistake in 
general to try to correlate creep phenomena with microyielding, which is due to stress 
applied for a short period. 


Although al] these releted aspects of aicroplasticity are known, there are very lisited 
comprehensive experimental] data which seek to co-ordinate the different effects, Jn the 
following sost attention will be paid to microyieldirg. 


3. BICROLVIELD STRESS (MYS) 


It has already been sentioned that the conventiona) yield stress is taken at the point 
at shicd the plastic deformation is of the same order as the elastic deformation (~ 10°"). 
Actually tue deviation from the initial straight portion of the atreas-strain curve ie 
used, but thin is effectively the plastic deformation (defined as residual on removing the 
load). Over the last thirty years’ there has been increasing interest in the small-scale 
deviations from the elastic line. that is, where the plastic strain is ~10°° of the 
elastic strain. 


A aicroyield stress (WS) has been defined as the stress at which a plastic strain of 
10°* develops (the corresponding elastic strain usually falling in the range 10°* to 10°?). 
Some workers, using less sensitive atrain gauges, have used @ value of 2« 10°* plastic 
atrain, apd this wil! be denoted here as MTS... Although the MS can be established in the 
seme way as the conventional yield streas (YS) by detecting deviation from the initial 
straight line, a gore satisfactory technique in the circumstance where a very small strain 
is to be detected against a large one in to remove the large elastic strain component by 
unloading. ‘The load, increased by steps, is applied and reaoved, and the MYS is then the 
stress at chich @ residual plastic strain of 10°‘ occurs. Slightly different values say 
be given by the two wethods. due to elastic hysteresis effect. 


It was claised initially that the MYS wma at last the lieit of ideal elemticity or, at 
the very least. 8 definite discontinuity im the streas-atrain curve. tughel’ used the 
term “precision elastic lieit” (PEL) in the belief that the point had a physical signifi - 
cance. He claimed that a step yielding of 10°° in/in occurred et this point in beryilius 
and that no further yielding occurred mti] a evch higher stress was reached. However. 
the evidence was not very strong as the sensitivity vf his strain gauge was only 10°°. 


Again, @uir, Averbeck and Cohen‘ found sith hardened steel that repeated applications of 
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the loac to a fixed stress level produced no residual plastic strain per cycle until the 
MYS. wes exceeded, when it increased rapidly with stress level. Again the strain sensi - 
tivity was about 10°° and it is not clear that there was a definite discontinuity. 


The only satisfactory method of showing that an effect really does begin sharply 
rather than develop progressively is to plot the results with the axes chosen so that the 
points lie on a straight line. Then an intercept with the stress axis or the intercept 
of two straight lines of different slope are real proof of a discontinuity. This is not 
to say that in Pigure 1 there is no yield stress below which elastic deformation is 
dominant and above which plastic deformation is dominant. The question at issue is whether 
there is a component of plastic flow during the predominantly elastic range. In the work 
of Bonfield and Li’ on beryllium it was shown that the microyield curve (stress 9 versus 
residual strain ¢) cbeyed the law 


2 = 9, + pet!? 


where 7, and B are constants of the material. The value of ‘he intercept stress 7, 
was found by extrapolating a straight line back to zero strain. This showed that this 
perticular aode of plastic flow required a finite stress 7, to initiate it, but it does 
not preclude a further mechanisa which may be significant at stress and strains below those 
detectable rith the particular equipment. Another example is found in the paper by Roberts 
and Brown’ in which plotting log (stress) against log (residual strain) for zinc single 
crystals gave two strain lines intercepting at a strain of 10°“. This point must clearly 
be a yield discontinuity not involving the instrument sensitivity or experimenter’s 
judgement. 


The ¥YS has been investigated both for the light shed on fundamental theory of disloca- 
tiens and for its possible significance in the development of precision instruments. For 
the latter, there has been a tendency to assume that the MYS is the limit of ideal elas- 
ticity and that at stresses below it there wiil be no elastic hysteresis, no microcreep 
and no material instability. These are sweeping assertions and it is to be hoped that the 
preceding discussion wil] cause the M¥YS to be seen through less rose-coloured spectacles. 
It has been show, however, that the MYS is a fraction of the conventional yield stress 
and that the ratio of the two varies very widely from one material to another, and vith 
the details of the manufacturing process, including any heat treatweent. Reaults on 
specific materiala ill now be reviewed frow a phenomenological viewpoint. 


4. REVIES OF BESLLTS ON SPECIFIC BATERIALS 


4.1) 70:30 brane 


In early measurements of wicroplaaticity Aeith® found that 70/30 brass had a conven- 
tional yield stress (hereafter called CYR of 28,000 pei (lb/in’) but the NYS, was 23,000 
psi. Pre-stretching up to one per cent couned Little change in the CYS but dropped the 
MYS rapidly to 10,000. Further pre-satretc ving up to 108 raised the C¥8 to $0,000 pai. 
leaving the MYS steady (see Pimure 4). Aniealing at 300°C raised the MYS, to 30.000 pel. 


It appears that in Chis saterial there is a very marked strain softening of the YS fo 
contrast with the normal strain hardening process. This result was not confirmed in 
beryllium copper and beryllium (discussed later). 


4.2 2% Beryllian Copper 


Precipitation hardened beryllium copper is used for its good elastic properties end 
electric current carrying ability in iostrument suspensions. gyroscope ligesents (pigtails) 
and similar applications. 
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The MYS, was measured by Smith and Wagner® in various conditions, following solution 
treatment (quenching from 825°C). It reeched a maximus value of 100,000 psi after cold 
drawing in the solution treated state and precipitation hardening (3 hr st 300°C). ‘he 
corresponding CYS (C.1%) was 170,000 pai. In the solution state the MYS was only 10,000 
psi, increased by cold working to 44,000 psi. Cold working thus had uw contrary effect to 
that found in 70/30 brass. but in line with normal strain hardening. ‘This may have been 
due to residual stresses always found in quenched material. 


Very much lower values of MYS, were reported by Bonfield’, although the test piece was 
thin strip (0.18 « 0.06 inch) instead of round bar (0.5 inch diameter). The MYS, was only 
4500 psi after cold sork and precipitation hardening. In the solution treated state, the 
value was 1600 psi, increased to a000 psi by cold reduction (40%). The stress-residua) 
strain curves showed three stages: a low initia] strain hardening rate, a high one and 
then nearly zero. Results, reproduced in Pigure 5, suggest that precipitation hardening 
is only effective after 20 « 10° strain. Retesting after straining gave only slightly 
higher values of MYS,. Dislocation structures and hysteresis curves were also obtained. 
The large discrepancy with the earlier work of Smith and Wagner’ was not considered. 


4.3 Steel 


Steel in the hardened state or hard drawn state is used for springs and beerings, in 
the normalised state for structura] components. The phase changes involve very large 
dimensional changes: 8 « 10°? linear contraction on austenizing; 14 * 10°° linear expan- 
sion on quenching to martensite and 6 « 10°° contraction on full tempering. (Values sre 
for 1% carbon steel.) The changes on quenching and tempering do not usually proceed to 
completion, but will transforms further with time and stress. Large residual stresses are 
also present. The complex nature of the problem of rationalizing data on aicrayielding 
involving strains of 10°* will be apparent. 


The effect on the MYS, at 20°C of varying the tempering temperature for the steels with 
carbon contents from 0.2 to 0.8% was investigated by Muir, Averbach, end Cohen®. Negative 
strain up to 20» 10°° was found in some specinens and the MYS, was taken at the stress 
above which the residual strain increased continuously in the positive sense. Loed cycling 
above the MYS. produced increments of residual strain. Results at all carbon contents 
showed that the MYS, is low for as-quenched martensite, but increased on tempering up to 
400°C and then tell. This is quite different from the behaviour of the conventional 
atrength parameters such as CYS, tensile strength and hardness. which are ioitially high 
and decrease on tempering. Typica] results for 0.82% carbon steel are reproduced is 
Pigure 6. The saxisue YS. was almost independent of carbon content, et around 100, 000 
pai, and the use of high carbon steel] in springs aust be attributed to the higher CYS 
which can be obtained. Austeapering (isothermal transformation et 508°C) gave lower values 
of ¥YSs. 


Data on the MY5 of cold drawn stee) wire has not been found. Noreal practice is to 
use about 0.8 carbon and convert to fine pearlite by isothermal transforeetion of eusten- 
ite (450°C), a process called patenting. After cold drawing up to 90% reduction of ares, 
a low tesperature ameal st 250°C is given to raise the 0.1€ proof «tress, ebich tends to 
be low in relation to the tensile strength, which is up to 400.000 psi. 


The picrocreep of 1.4% chromium steel (AISI-SAE $2100) as used for rolling element 
beerings has been investigated by Mikus and his co-sorkers'’. four heat treateente vere 
tried: (1) quench and temper at 127°C (standard practi-e): (ii) quench and teeper at 
260°C; (411) quench and temperature cycle ten times, -198°C to *1277°C, (iv) susteaper 
at 260°C (isothermal transformation to bainite). Stebility and creep tests (waxioun stress 
20,000 pai) were dome at -34°C. 39°C and 74°C over 1500 houre. Stability varied between 
£10 «= 10°° over the period, with heat treatments (11) and (iv) giviag near zero. Wicro- 
creep wae only iaportant at 74°C with the strains approeching 100» 10°* for (1) and (111). 
and 10 « 10°* with heat treatments (11) and (iv). The presence of retained austenite ves 
considered the sain source of instabilities and eustempering was recommended. This was 
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disputed in discussion as producing too low a hardness, leading to high wear rates in 
bearings. Normal hardness is 64 R, (800 DPN) and sustempering gave only 57 R, (635 DPN). 


The microyielding of normalised mild steels has been investigated by Hahn and others?! 
in connection with the problem of brittle fracture. The MYS, was coincident with the 
lower yield stress in fine grained material, around 40,000 psi, but slightly lower than 
it (18,000 psi of 22,000 psi) in the same materia) heat treated to a coarser grain size. 


4.4 Berylliun 


Beryllium is the principle structura) material in precision gyroscopes because of its 
low density, high elasti: modulus, and a temperature coefficient of thermal expansion 
watched to steel. 


Its microplasticity hes been extensively explered on this account and in the pursuit 
of basic research by Hughel®-'? and by Bonfield and Li’»*'?-'*. A short paper by Ruckman 
and White’* describes some work at the United Kingdom Atomic Energy Authority, Aldermastam. 
Hughel measured MYS at 62. 8°C (snd some wicrocreep) whilst Bonfield measured MYS, at room 
temperature. Using the stress-residual strain law found by Bonfield“, the difference 
between MYS and NYS. is about 400 psi at room temperature. Variation with temperature 
has not been explored explicitly, but it is probably smal] and a net difference of 500 psi 
18 ebout right. This is small in hot pressed electrolytically-polished beryllium with M¥S 
of 11,000 psi, but significant with annealed specimens with an MYS in the renge 750-2000 
m:. 


The sain conclusions of the work of Hughel and Bonfield are as follows: 


(1) Standard QMV grade (from the Brush Bery]lium Company) hes a yield stress (0.2%) 
of 35,000 psi and a MYS of 3800 pei when annealed after final grinding (2 hr 
900°C). 


The SYS of hot pressed electrochemicaliy polished QMV is 11.000 pei (Refs.7 end 
13). 


(2) The scatter of results is large. The dlock to binck variation in the annealed 
condition is 1800 pai, end within a block 800 pai (ef.$). 


(3) Surface damage due to sachining lowers the NYS, of hot pressed QIV from 11,000 
pai to 6600 psi: electropolishiang avay 0.01 inch of the surface restores the 
value’?. 


(4) Annealing (2 br 800°C) also removes surface damage but alters the dislocation 
structure from a high density with tangled arrays to low dunsity sith dispersed 
arrays. The MY5, falle froe@ 10.000 to 3000 psi ‘Ref. 7). 


(8) The drop of MTS due to surface damage is caused ty twins acting as.streas raisers 
rather than the residue] streases'?. 


(6) The aicroyicid curve obeys the law 
ec 2 Le wi’? 
where 7. and & are saterial constents. The change of NYS due to annealing 


is due to change of ¢, (from 8000 to 800 psi) ao. of the strain hardening 
rate 8 @ef.7). 





A tremaition in the yield curve occurs at higher strains (x 10+ {0°°) (Ref. 14). 


(7) tysteresis loops erere detected above 1000 psi ia annealed seta). The [friction 
streas (which is independent of the strain sensitiviiy) eas = 400 psi end 
iactessed to * 4000 psi eith small pre-strains (100 « 10°) aad thea reaained 
aleost coastant. Por hot pressed beryiliut the friction stre:s was = S000. 
independent of pre -streia'’. 
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(8) Microcreep tests (called “digensional stability” ‘DS) by Hughel) carried out at 


95% MYS, 62.8°C, show.j extensions of = 6« 10°° in 500 hr (Ref.5). 


(vy) High oxide and fine grain size raises the MYS from 3500 to 13000 psi for metal 


annealed after final grinding (Ref.5). 


3. NE® MEASUREMENTS OF NYS OF BERYLLIUM 


An investigation of the microplasticity of beryllius from the Royal Ordnance Factory 
(ROF) at Cardiff is now taking place at the British Aircraft Corporation, Stevenage, in 
conjunction with the Royal Aircraft Establishsent, Farnborough. The work arose out of 
some alarming examples of dimensional instability of gyro components some five years ago 
which, it is now realised, were caused by unsymmetrical machining stresses rather than 
inherent cisabilities of the beryllium. 


Since the objective is to build precision components, rather than pursue the delights 
of meta] physics, the test specimens have usually been machined siailar to those possible 
in practice: stress relieved for 1 nour at 800°C before fina) turning of 0.0002 iach 
surface. Puller details wil] be published shortly. The results so far obtained, which 
are almost iden.ical with that found on Brush saterial, are as follows: 


(1) Standard grade ROF beryllium (2.3% BeO) has ea MYS cf 1070 pei when annealed and 


(2) 


(4) 


($) 


(8 


~~ 


— 


electropolished {6 specimens). Electropolishing did not heve a significant 
effoct, but only 0.0003 inch was reso.ed. 


(This is @ factor of two dow on Bonfield’s results’ on QIV aaterials, alloving 
500 pei difference between MYS and MYS,. He rexcred 0,010 inch before the MY5, 
on hot pressed eaterial increased from 6000 to 11,000 pei.) 


The MYS is 1040 pai when streas relieved before final turning (36 specinens). 
Tests on Brush QUV grade obtained for comparison gave 1270 pei (22 specisens). 


With no heat treatment the MYS is 1310 pei (4 specinens). 


No polished umbeat treated apecivens tere tested. ehich Bonfiel¢ found to have 
@ very hich VYS of 11,000 pai. It would be interesting to know why annealing 
hes euch a large effect on polished specisens as hot pressing appears to 
involve annealing during the cooling period. 


The standard deviation frop dlock to block (7 blocks, 4 specivens each) is 100 
pai. Due to skes distribution about the sean this figure does act fully reflect 
the actus) scatter. Within a block the standard deviation eas 40 psi. 


The atress-residual strain curve obeys Bonfield's relation 

ez oye att. 
Typical resalts are plotted ia Figure 7. The values of ¢, fall betecen 0 
aad - $00 nei. 


(The negative values are possibly due to the surface depage present. “o hot 
preased waterial sits polished surfeces was tested, ehich Bonfield found to 
have very high °. . around 6000 pei (Ref.7).) 


igh oxide seterial (5.0% Be0) has co higher MTS of 2110 pel (cf. 1040 paid (4 
specigens). 


Fests on Brush 14600 grade gave 4150 (3 specinens). This difference is ett ributed 


to SOF materia] in this test being preased trom 200 mesh poeder whereas the 
Grush eaterial is 350 sesh or better. 
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6. LIGAMENT CREEF 


Ligaments are used both in gyroscopes and accelerometers to carry currenis to the 
sensitive elem.it or pendulous arm. The mechanical restraint has to be kept as small 
and as stable as possible. Recent experience with a precision gyroscope has shown that 
microcreep in ligaments can be a source of variable drift just after switching on and can 
be a cause of delay in aligning the inertial navigation systen. 


The effe:t was observed in a single-degree-of-freedom gyro under test in the torquer 
feedback mode with the output axis vertical and input axis pointing East. Figure 8 shows 
the torquer current (converted to equivalent drift rate) to hold at nul] after the sensi- 
tive element had been allowed to rest on one or other of the stops (set at a nominal +2°) 
for 2 hr or 16 hr. The gyro was kept running, so that no variability due to warm-up 
appears, but the recorder was connected in at the stert of the test. This introduces a 
small transient which can be seen in curve 4 for which the gyro had been on nul and was 
then connected to the recorder. 


Figure 9 shows similar curves for the same type of gyro but with the stop freedom 
reduced to t0.5° and the ligament material changed from 85-15 silver copper alloy to 62.5% 
gold-copper-silver alloy. 


There are seven hairpin-shaped ligaments formed from strips 2.5 x 10°" inches thick by 
4 or 7 x 10°? inches wide. They introduce a torque on the float of 0.62 dyn cm (= 0.36°/ 
hr drift rate) per degree of float rctation for the silver alloy and 1,5 times this value 
for the gold alloy on account of the higher elastic modulus. The stress varies along the 
ligament, with a maximum value of 460 psi at the anchorage clips, to which they are 
Soldered. The ligament strip is received cold worked and is formed into ligaments, 
annealed (1 min at 500°C) and then quenched. The MYS and hysteresis behaviour is not 
known, but work is progressing to further study and reduce this effect. 
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SUMMARY 


The spin-axis bearing package is a major determinant of gyro reliability 
and performance. Fractional microinch position stability over extended 
time periods, reliably achieved for tens of thousands of running hours, is 
required. Whether the ball bearing thus used runs successfully on an elasto- 
hydrodynamic fluid film or succumbs to early failure may be determined by 
whether or not today’s bearing technology is applied. This specialized 
technology, applicable in many aspects to other bearings, has been developed 
over the past twenty years and continues to advance. 


Achievement of current state-of-the-art is the result of parallel deveiop- 
ment of the bearing parameters and of the menns for their evaluation. Bearing 
metallurgy, geometry, groove-surface topography and chemistry, lubrication, 
ball-retainer, contamination contro), dynamic behavior, testing, and pro- 
cessing variables have all been improved. Particularly significant have been 
the efforts in surfece-film-piercing asperity reduction, surface-cheaistry 
improvement, and lubrication-mechanism advancement. Also of major importance 
has been development or adaptation of measuring devices to join with func- 
tional tests in evaluation of bearing characteristics and of potential life 
and performance et various processing stages. 


Continued current effort in the areas of the lubrication sechanisa. bearing 
dynamics, and groove surface promise further gains in consistency of achieve- 
ment of life and performance goals. Application of today's technology can 
in most cases, however, yield the required thousands of hours of reliable 
operation. 
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GYRO BALL BEARINGS - TECHNOLOGY TODAY 


Albert P. Freeman 


1. INTRODUCTION 


The gyro spin-axis ball bearing is unique. At the heart of the inertial guidance sys- 
tem, it is a major determinant of performance and reliability. Today’s bearing technology 
is the product of more than twenty years of development, though current practice is in 
many cases frozen at a point dating back many years. Use of the knowledge available now 
can improve bearing yield, performance, life, and reliability. 


1.1 Requirements 


The principal requirement of the inertial gyro spin-axis ba)] bearing can be stated 
very simply: long life at the required performance level. We can divide this requirement 
into two broad subcategories: freedom from physical or chemical degradation of all ele- 
ments of the bearing package and maintenance of dimensiona) stability of the gyroscope 
element. Depending upon the application, feilure criteria can range from slight deteriora- 
tion of gyro performance to inability of the whee] to turn because of bearing sei gre. 


This paper is concerned with bearing performence in precision floated incrt1a] gyros of 
the type shown in Figure 1, and with those factors that influence stability of the gyro 
wheel] package. As indicated by Figure 2, average whee] location sust be stable to a fras- 
tion of a aicroinch, and pass stability of other float elements must be sisilarly very 
closely maintained. 


In order to satisfy th. stability requirements, the besrings aust be supported on a 
full, stable elastohydrodynamic (ehd) lubricant fils. Piercing of this film during running 
causes chemical and physical degradstion in the lubricant end of the aetal surface, which 
in turn influences the location of the gyro whee]. This sort of deterioration is pro- 
greasive, an the debris fcrmed by the high-speed metallic contact leada to further piercing 
of the film. The lubricant sludge then collects beside the pressure aones and, like a 
sponge, withdraws the oil from the region in which it is needed to maintain the file. As 
this wode of failure progresses, bearing torque becomes erratic, the lubricent vanishes, 
the metal wears, and ultioately the torque increases to the point at which the wheel ei11 
no longer run at operating speed. The bearing running tise hetwern the onset of perforn- 
ance degradation and wheel failure can be several thousand hours. it is interesting to 
note that metal fatigue. one of the classic sodes of bearing failure, plays essentially 
fo pert in gyro bearing failure. 


Generation end aaintenance of the ehd file demands the continued existence of sany 
conditions. Ie operation, the metal componen‘’s :*scen end balls) gust have a geoeetric 
fore that generates the required ehd file with acceptable stress levels over the entice 
pressure zone. The metal gust sustain the load essentially sithout plastic flow or 
surfece damage. The surfeces must be free of filn-piercing asperities aud eust chemically 
support a boundary lubricating file et low speed and an elastohydrodynamic file at 
operating speed. The lubricant aust demonstrate the chemical and physical properties 
needed to achieve these filas with acceptable tcrque levels, along with cheeical end 
thermal stability. The tell retainer aust saintain a controlled lubricant reservoir end 
circulate this lubricant as needed for a full ebd file. and run with required stability 
at acceptable torque levels. ‘The environment aust be chemically. physically. and therwal ly 
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compatible with the bearing package. Finally, and of «xtreme iepertance, the bearing 
package must be free of contaminetion that can cause bearing dearmisticn due to piercing 
of the film. 


In addition to the demands just noted, which are associated primarily with retention of 
the lubricant film, the bearing package gust also demonstrate other properties needed for 
mess stability. The combination of geometry, lubrication, and operating parameters psust 
assure such factors as 


(a) relative insensitivity of whee} location to acceleration field variation, 
(>) file uniformity and stability of the bujk lubricant, 
(c) stability of ball group and retainers, 


(d) constancy of bearing torque. 


Inadequacies in the first group of parameters discussed, which are asso.isted with miD- 
ture of the ehd file, result in bearing deterioration and gyre performance degredation. 
The second group, associated with mass instability, generally influence ‘nsirument q@tity 
without necessarily reducing bearing life at the degraded performance jevel. 


Of utmost importance in any discussion of bearing requirements is processing, or hand- 
ling. Achievement of th. tssic dDearing properties is vitally depender: upen quality control 
during manufacture, shich can be accouplished with proper engineering supervisiun. Reten- 
tion of these properties is then a major battle. The bearing is a precise device and gust 
be treated as such. During processing from package to coapleted instrument, its integrity 
can be compromised by particulate contamination, chemical] coniasination, overheating. 
wounting distortion, overstressing, scratching, denting, stock, overiubrication. under- 
lubrication, exposure to corrosive environnents, etc.. wis. Thus, the processing varizbdles 
are extremely iaportent in both initial achievewent of require? searins parameters and in 
their retention during instrument fabrication. 


1.2 States 


The requiremen’s soted in Section 1.) have been achieved. They can be achi«<ved con- 
sistently. Qyrv perioreance of the highest quality ‘ias been dewonst rated ia icetrusenta - 
that have eccupulated about 30,000 wheel running hours. Howerer, as will be coted in sub- 
sequent sections, further edvences can still de eade in some areas of bearing surface, 
lubrication, end dynamics. 


Achievement of today's status reaults from sore thai: twenty years of development eork, 
some phases of which are still in progress. Pigure 3 itlustrates this eork. One of the 
first eajor development efforts, initiated ia the late 1940's, led to faproved preloading 
techniques. Subsequent efforts in the bearing package fave encompassed aetallurey. geo- 
eetry, lubrication, retainers, surface finish, surface chomiatry. dynamics. contamiastios, 
wanufecturing techniques, and processing variabies. 


Progress in the fleld of bearing evaluation has been following a peralie) path of equal 
faportence. Por exenpie, the early preloading iaproveaent noted above ses accompanied 
by developeent of om atial yield guge. her developments i:ciede iaproved geometric 
geasurement devices, optical measurement techniques. the low-speed dynamopeter, the aiili- 
wattmeter, the lubricant -file electricel-resista::e gauge. taper sectioniag, stroboscopic 
observation, rece couster-rotation devices, high-speed torque testers, and aany others. 


The gyro itself is one of the sost useful bearing diagwstic devices. It alone is 
capable cf d-terwining bearing pusition stability to the required performance levela. It 
also provides a convenient seams for the application of know inputs to the hearing package. 
slong with precise readouts of the ac.ospemying bearing debevior. 
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Bearing package evaluation in early gyro construction and test stages is extremely 
important. The ball bearing is unfortunately quite forgiving on a short-term basis, and 
early degradation symptoms are frequently ignored. Progressive deterioration can lead 
to later severe performance degradation, perhaps when the gyro is the heart of a complex, 
critical, operating navigation system. 


The following sections of this paper will] discuss the « irrent status of gyro ball- 
bearing technology, with particular eaphasis on areas kne«n to be critical. No attempt 
will be made to cover the history of the developments :hat have led to today's status, 
except where required for perspective. Due to the complexity of the subject, the treat- 
ment will be limited in this paper and discussion of each subject will be relatively brief. 
References providing further details are included in the bibliography. 


2. CONFIGURATION 


Gyro bearing design gust consider not only the normally accepted criteria but also those 
peculia: to the precision gyro, such as microatability, jisoelasticity, lubrication lisita- 
tiows, bearing dynamics, and long-term physical end chemical stability. These factors, 
coupled with specific instrument requirements and configurations, yield the basic bearing 
design. Among the design features are dDasic size and configuration, materials, sounting 
method, preload, speed, lubrication, contact angle, race-grocve curvature (groove-to-ball 
conformity), inger- or outer-land relief, retainer configuration, and many others. (The 
b-aring nomenclature used here is defined in the Appendix on p.330). Tolerances sust alao 
+e assigned to gost of these parameters. 


Veta} and geometry are discuased in thie seciica, sith particular esphasis on adherence 
to nowinal values, or tolerance cor-;*ol.. Design criteria leading to the specific configura- 
tion ere not diacussed because of their complexity end dependence upan the details of the 
roquireeents of the crro in question. For cxesple, degendiag upen the acceleration enriron- 
gent to which the gyro sill be crzsosed and the pertoreance demas” ° during acceleration 
ividbration or sinacy-state), critical bearing parameters way be ntact angle. nuarer of 
balls, race-groove currature. end presosd. Qm the other hand, torque lisitetions say 
emphasize besic size, speed. preload, race-crocve curvature, atmosphere, lubrication, am! 
retainer. As these brief examples point out, bearing design is critical, but it is too 
complex a subject for coverage Aere. The influesce cf specific geometric variables on 
lubrication end on bearing dynamics ei] be discussed ia iater sections. 


2.2 Weta 


The demands sade upon the stee! of the gyro ball beering differ somewhat from those 
sade of other sore heav! iy iceded beavings and are in so@e respects sore severe. the gyre 
brarine typically ia lightly ioeded, with the saximue Herts strese generally in the vicin- 
tty of NC. 000 ib-in’ or leas. 1% operates ta a soderate ambient temperature. atout 150°F 
{oe gh inert atponphere, generally belive. after having deem very carefully processed fros 
producti 4 UWfough application. Wy. then, are se concerned sith the properties of the 
steel fron eich the bearing is sade? 


The ateel aust satisfy (eo sajor requirewsents. First. the level of gyro performance 
en discussed in Section 1 1 demands the ultiaate in sicrodisensional stadtlity. both under 
atrese and vnloaded. as orl] as over = wide temperature range such as & -89F to +229F 
renge of in-process theral crclisg ond storage, Second, the sicrostructure sust be such 
un to permit the reads generation and aaintemsnce cf race-groove and bel) surfuces physic- 
elly and cheeically capeble of both boundars m1 elaestokydrodynapic (ehd) ivbrication under 
the unique running conditions of the gyro bearing. 16 this regard, freedop from ebd-file- 
plerciog seperities 18 estresely important. 


Both S2t00 and 440C. the enet commonly used gyro bearing steels. have demonstrated the 
ability to eeet these requirevents. Other accels have also been used successfully in gyro 
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bearings, such as M-2, M-50, and WB-i9. The steel mosc commonly used 1n gyro bearings 
through the years has been, by fer, 52100. It has een quite satisfactory, but recurring 
unpredictable instances of corrosion have presented a problem. In the past several years, 
440C has been attaining greater popularity for its resistance to corrosion and because of 
successful application. Both steels are readily fabricated to the required geometry and 
surface finish, in spite of the difference in microstructure primarily caused by the 
relatively large carbides in 440C, as seen in Figure 4. In controlling the steel, factors 
of concern include the following: chemical composition; microstructure; carbide type, 
size, and distribution; response to heat treatment. The last, in tum, encompasses micro- 
structure, strength, hardness, retuined austenite, corrosion resistance, and stability. 


Specific precautions are still warranted in the selection and application of both 
52100 and 440C, in spite of the demonstrated ability of both of these steels to yield 
successful gyro bearings. These precautions include the assurance of freedom of the stee] 
from nonmetallic inclusion and control of processing variables concerned with heat-treatment 
and metal-remcvai operations in the hardened state. 


Tne presence of inclusions in other types of bearings which are highly stressed is 
detrimental because inclusions provide initiation points for fatigue failure. In gyro 
bearings, inclusions are also a serious problem, but for a different reascn: they iimit 
the surface achievable for the generation of a full hydrodynamic film, are associated 
with film-piercing asperities, ana can cause chemical and particulate contamination prob- 
lems. These effects will be covered more fully in Section 3; this section is more con- 
cerned with recognition of the problem in the steel. 


Bearings with poor surcaces and low manufucturing yield, both attributable to inclusions 
in the steel, occur in spite of inspection of the steel for cleanliness by accepted rating 
methods, e.g., the JK ‘Jernkontcret) method. Stringers in the steel are particularly diffi- 
cult to detect by conventional means. One approach to an improved steel-rating method is 
to examine steel surfaces in regions of the bar more representative of the bearing than the 
small flat sections normally examined. This is done by machining sample bars with steps 
at successively smaller diameters, representing diameters of the race-groov? functional 
surfaces. These steps are then honed and examined microscopically for inclusions, as seen 
in Figure 5. Steel lots evaluated by both this technique and the conventional approach have 
shown the honed step-down bar evaluation to correlate far better with race-groove surface 
topography and manufacturing yield. 


Heat treatment of the bearing parts plays a major role in establishment of the previously 
noted properties of the finished bearing. It is important not only to determine optimum 
heat-treatment parameters but also to assure rigid adherence to the values selected. For 
this, the testing of sample pieces is needed. 


During auStenitization, critical control often is required of the atmosphere and of the 
temperature leve] and timing cycle. Important to quenching are temperature, timing, oil- 
bath cleanliness, and agitation. Subcooling and tempering demand control] of timing, temp- 
erature and, in sume cases, medium. Tests conducted to assure quality may include, as 
required, hardness, metallographic examination for surface modification and microstructure 
as shown in Figure 6, retained austenite, and dimensional stability. 


Properly selectec, tested, and processed, today’s steels are capable of the most rigid 
performance requirements demanded of current gyrcs. 


<.2 Geometry 


Nominal bearing geometry ana variations therefrom play a major role in establishing gyro 
life and performance. With regard to life, geometry influences stress levels, thickness 
of the ehd film separating balls from races, and lubricant control. With respect to gyro 
performancc, geometry influences bearing dynamics, lubrication stability, and response of 
the gyro to acceleration fields. In addition, geometric tolerance levels influence gyro 
producibility. 
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Qie of the early major efforts leading to present gyro bearing technology was the 
development of measurement tools and techniques and then fabrication methods to achieve 
an order-of-magnitude improvement in geometric tolerances, from typical 0. 0002-inch 
values to levels of 20 microinches. Gyro producibility imsediately benefited by this 
improvement, as bearing-to-wheel and bearing-to-shaft fits became achievable on a tolerance 
rather than a selection basis. In addition, preloading certainty improved, as did bearing 
dynamic behavior. Bearing life itself, however, was not significantly affected until 
race-groove geometry was further improved, along with advances in groove surface character- 
istics, as is noted in Section 3. 


It is quite apparent that the ehd film thickness is influenced by local stress levels, 
which in turn are affected by race-groove runout and cross curvature. Groove runout itself 
is the product of various geometric parameters, including roundness, lobing, groove-to-face 
and face-to-face parallelism, concentricities, face-tc-bore and face-to-OD (outside 
diameter) squareness, and mounting distortions. Bearing manufacturing technology has 
advanced to the point that runouts can be held tc the 5-50 microinch region. Mounting 
dimensions and forces must be carefully controlled, however, to prevent significantly 
greater runout due to distortion. 


Race-groove cross curvature must also be closely controlled. Thickness of the ehd film 
in the pressure zone is a function of the local cress curvature. It is important to guard 
against excessive breaking of the comer at the conjunction of the groove and land. The 
resultant rounding or chamfer encroaches on the pressure zone and affects the local curva- 
ture, in some cases nonuniformly around the race. Figure 7 illustrates the results of 
this edge rounding. 


Development of the Talyrond and a number of other roundness-measuring machines has made 
reliable measurement of race-g;*oove runout and cross curvature possible. Thus, the genera- 
tion and measurement of geometry to levels required today is within the capability of 
current bearing technology. 


3. SURFACE 


Generation and maintenance of the needed ehd film is a function of race-groove surface 
topography and chemistry. The surface must be free of film-piercing asperities and must 
chemically support a lubricating film. Low-speed boundary luorication similarly depends 
upon these factors. 


3.1 Topography 


Shiny or dull, smooth or grooved? This question concerning optimum race-groove surface 
topography has been one of the most frequently debated for years. The smooth-surface camp 
wants to maintain the maximum possible ehd-film spacing between opposing surface peaks, by 
reducing hill-to-valley height, while the striated-surface devotees reason that the valleys 
between the heights provide a lubricant reservoir. Each group cites convincing data as the 
basis of its own cause and offers various additional reasons for the superiority of one 
type of finish to the other. 


Actually, both types of surface have operated successfully for many thousands of hours 
under the most rigorous gyro-bearing running conditions. mn the one side have been mirror- 
like race grooves generated by first running the bearings heavily loaded and submerged in 
ethylene glycol; surface-finish readings of these bearings were less than 0.3 microinch. 
Coarse-finish lapped bearings with 3-microinch surface-finish readings have also run very 
successfully. Smooth surfaces generated by ball lapping and by honing have also fared well. 
Examples of these finishes are seen in Figure &. 


Within reason, average surface finish does not appear particularly significant. Indiv- 
idual asperities that project above the average surface can, however, pierce the ehd film 
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and bring about failure. Returning to the need tu. a coarse finish to maintain a lubri- 
cant reservoir, any surface that will wet properly with the oil will hold a sufficient. 
thickness of lubricant to permit generation of the required 5-15 microinch ehd film. 


Let us examine, then, the factors that should influence the selection of the race-groove 
finish. Achievement of the required geometry, circumferentially and across the rece groove, 
as well as generation of surfaces that are free of asperities are the two major factors. 

But we must also be concerned with particulate and chemical contamination, surface integrity 
(including freedom from “smear’”), the “lay” of the finishing marks, ease of inspection and 
economics. Some bearing race-groove finishing techniques are illustrated in Figure 9. 


Perhaps the most commonly used finishing technique is lapping with an abrasive on a 
string, tape, paper, replica, or other backing. This approach generally improves as-ground 
roundness, but tends to degrade the cross-groove geometry. It typically produces a stri- 
ated surface and reacts quite sensitively to irregularities in the metal or particulate 
contaminants by forming comets, as seen in Figure 10. The grooved surface texture camou- 
flages raised comets and other peripheral asperities, thus making inspection for these 
features more difficult and expensive. The striated finish, if accompanied by good geo- 
metry and freedom from asperities, contamination, and other deleterious factors, has been 
shown to yield very long successful life. An example is seen in Figure 11 


Honing the groove with a reciprocating, shaped abrasive stone is another common finish- 
ing method. If the process parameters are properly controlled, honing yields excellent 
geometry. Finish depends upon the cycle, choice of abrasive materials, and honing fluid. 
This process can also generate raised asperities, and the surface finish can range from 
striated to nearly bland. Figure 12 shows successive improvements in finish accompanying 
development of improved honing techniques. This process can also yield excellent bearings. 


Ball lapping is a newer process that involves lapping the race-groove by an abrasive 
slurry and groove-conforming balls driven by a rotating cone. This procedure does not 
improve on the initial race-groove roundness, but it yields excellent cross curvature, 
characterized in some cases by an omega (~) shape whose central rise is controlled to keep 
it out cf the pressure zone. Ball lapping yields a uniform matte finish, as seen in 
Figure 13, and does not generate raised asperities. This natural freedom from certain 
asperities significantly eases inspection problems. Bearings finished by this technique 
have demonstrated excellent yield and life. 


Other finishing and run-in techniques have been used with varying degrees of success, 
One experimental approach, prerunning with special fluids, is worth noting for its demon- 
stration of the ability of a bearing with mirror-like race-groove surfaces to run success- 
fully, Running heavily loaded bearings at relatively low speed while submerged in re- 
circulating filtered ethylene glycol will generate very highly polished race-grovve 
surfaces. Such bearings, subsequently tested under gyro operating conditions, have demon- 
strated long successful life. 


Another interesting prerunning technique is that performed in hot TCP (tricresyl phos- 
phate). The resultant surface appearance is only slightly changed, but the bearings 
demonstrate the beneficial effects of TCP coating discussed under Chemistry in Section 
3.2. In addition, bearing yield and life can, under certain conditions, be dramatically 
improved by this method. A group of bearings made from metal with a high inclusion con- 
tent and conventionally lapped showed a high incidence of comets. This group also demon- 
strated low yield and short life. Several pairs of these bearings were TCP prerun, and 
their yield and life were very dramatically improved. Reduction in the frequency and 
severity of raised asperities is believed to be the principal reason for this remarkable 
improvement. 


The importance of surface topography, which motivated the work on improved finishing 
methods, has also led to significant developments in the area of surface-finish evaluation. 
Flectromechanical surface-finish measuring devices have been improved, as have the tech- 
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niques for application of light and electron microscopy. The simple interference micro- 
scope has been particularly useful, as seen in Figures 10, 13, 25 and 26. 


Qe interesting technique for surface topography evaluation is the lubricant-film 
electrical-resistance gauge shown in Figure 14. This device provides for loading a lubri- 
cated ball against a rotating race groove thet drives the bali. A ball-to-race electri- 
cal circuit provides a measure of asperity contact or conjunction by counting the number 
of occurrences per revolution of drops in the electrical resistance below a pre-set level. 
Specific surface features can also be evaluated on a cathode-ray tube. Load, speed, and 
lubricant are varied. This device is limited by the electrical conductivity of the 
surfaces and asperities, and chemical coatings on the surfaces. Its use is generating 
further insight into race-groove surface topography. 


Another technique useful in surface and immediate subsurface evaluation is taper sec- 
tioning of races, illustrated in Figure 15. A race groove is electroplated for edge 
preservation, and a chordal sector ground off at a shallow angle. The resultant section 
is polished and etched to provide a mechanically magnified (by virture of the taper) race- 
groove surface contour. The metal microstructure close to the surface can also be evalu- 
ated by this technique, and microhardness readings can be taken. Such readings typically 
show that the metal close to the surface is slightly harder than the bulk of the race, 


Because of the correlation between bearing life and surface topography, this factor has 
been improved in many aspects. Today’s bearing technology does not have to be limited by 
surface-topography inadequacy. 


3.2 Chemistry 


Bearing metal surface chemistry has for many years been cited as a possibly significant 
determinant of bearing performance. For several years, surface chemistry has been delib- 
erately modified to improve the boundary lubrication capability of the bearing. It has 
been only recently determined, however, that inadvertently applied chemical surface mod- 
ifications can adversely affect bearing life under both boundary and ehd conditions. 


It has been shown that a lubricated untreated 52100 or 440C bearing will suffer lubri- 
cant degradation and surface distress in a running period of less than one hour to several 
hours at one rpm under normal load conditions. Another interesting phenomenon associated 
with the boundary lubrication condition experienced at very low speed is the large differ- 
ence in bearing torque among apparently identical bearirg batches received at various 
times. Bearing torque at one rpm may vary by a factor of three from batch to batch. 


Both of these conditions can be corrected by a very simple expedient: prolonged hot 
soaking of the metal components of the bearing in TCP; the effects of this can be seen in 
Table I. Life at one rpm then increases from one or ea few hours to several hundred or 
thousand hours. (Qne-rpm friction torque of various batches of bearings then group close 
together at the low level. It is thought that beneficial effects result from chemical 
reaction of the acid phosphates present as impurities in TCP with the steel surface. 
Nitric-acid passivation of 440C steel surfaces has also yielded low-speed life longer 
than that achieved with untreated surfaces. Pre-running of bearings in TCP, as described 
in Section 3.1, also produces the beneficial effects described above. 


Evidence of detrimental surface chemical modification, or contamination or “poisoning”, 
is more recent and of petentially very great significance. The problem was first recog- 
nized when two groups of bearings, which by all conventional] evaluation techniques were 
considered excellent, demonstrated early atypical failure under both boundary and ehd 
running conditions. These bearings also showed strangel: modified surfaces when prerun 
immersed in TCP, as discussed in Section 3.1. Figures 16, 17, 18 and 19 illustrate these 
phenomena. 
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The most effective means for recognition of this contamination was found to be the rute 
of oil-drop spreading on the race-groove surface; contaminated bearings showed poor oil 
wettability. A spreading test and typical results are showm in Figure 20. Investigation 
led to discovery of the probable cause of the poisoning, and its correction led to the 
delivery of the remaining bearings from one of the two groups in an uncontaminated con- 
dition. These “clean” bearings have been used very successfully in a gyro build program, 
thus further supporting the thesis. 


It is important to note that poor wetting of the surface is a symptom pointing to the 
presence of this contamination, not necessarily an explanation of why early failure occurs. 
For example, the bearing surfaces can be made to wet with the oil by any of a few techniques, 
such as immersion in oil or deposition from a solvent solution, and once wet the oil does 
not spontaneously retract from the surface. An oil drop then applied to a wet surface will 
spread quite rapidly. Most bearings are used in this prewetted condition. The explanation 
for failure may lie in the difference in the lubricant properties in the high-pressure zone, 
particularly the behavior of the molecules next to the surface. 


By special solvent-cleaning techniques, a number of the poisoned bearings were rendered 
“wettable’. These bearings are demonstrating greatly improved life under both boundary 
and hydrodynamic running conditions. An interesting facet of this investigation is the 
apparent validation of an occasionally reported beneficial effect, derived from aging of 
bearings stored in oil, and an association of this effect with surface chemistry. Briefly, 
some of the poisoned bearings have been made wettable by artificial aging (elevated- 
temperature soaking) in oil, as shown in Figure 21. 


It is interesting to speculate on the possible significance of surface chemistry in the 
age-old problem of unpredictability of bearing-batch behavior: early failure and low yield 
versus long successful life from batch to batch, with no known difference in the bearing 
or its application. Current efforts in this investigetion are aimed at establishing the 
fundamentals concerned with the effects noted, improved recognition, prevention, rehabili- 
tation, and means for specifying required surface chemistry. Rudimentary recognition 
techniques are known today, and means for corrective or preventive action are at hand. 


4. LUBRICATION 


The importance of geometry and surface to the generation and maintenance of a stable 
ehd film has been discussed in the preceding sections. Lubrication is the other significant 
factor. Maintenance of the film demands that the ball retainer deliver to the balls in a 
stable manner the required amount of a lubricant with the needed properties. Stability 
of the film requires that the circulation of the lubricant be controlled to prevent excess- 
ive local oil buildup that can periodically cause film-thickness changes, as discussed in 
Section 6.1. 


The demand for stability limits the total quantity of oi] that can be carried in the 
lubrication system, but sufficient oi] must be available for long life and maintenance of 
a low-friction coupling between the balls and retainer. Therefore, control is needed of 
lubricant function, quantity, and disposition. Severe demands are thus made on both the 
lubricant and the retainer. 


4.1 Lubricant 


Most precision ball-bearing gyros use oi] rather than grease as the bearing lubricant. 
The lubricant quantity and distribution needed to assure long life is more stable in the 
form of oi] impregnated in a porous-plastic ball retainer than grease packed around the 
balls. 


The oil used in most gyros for more than twenty years has been Humble’s Teresso V-78, 
a paraffinic mineral oil formulated with an anti-oxidant, an anti-foam agent, and a 
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lubricity additive. Its nominal viscosity is 78 SSU at 210°F, or about 15 cs at 210°F, 

This lubricant, formulated originally as a steam-turbine oil, has performed very well in 
the gyro application. At various times through the years, comparative testing has been 

performed in attempts to find improved oil but with no marked success. 


Teresso V-78 is no longer being manufactured and a replacement must soon be specified. 
A program to formulate and test this replacement is currently underway. The successful 
candidate will be one of a family of lubricants of varying viscosities for use under 
different operating conditions. The first approach is to match V-78 in major properties 
and sensitivities, thus making the substitute useful in the wide range of applications 
now seen by V-78. The current principal candidate, KG-80 (Kendall Refining Company), is 
also a paraffinic mineral oil of appreximately the same viscosity as V-78. It is commer- 
cially superrefined and incorporates an anti-oxidant (Ethyl AO 702) and a boundary additive 
(TCP). Preliminary tests are encouraging but not yet conclusive. 


There is some question as to the specific lubrication mechanism that maintains the ehd 
separation of the balls and races. One school presents a mechanical concept of lubrication, 
relating the configuration o: the ehd film to bearing and environmental factors such as 
geometry, Speed, temperature, elastic modulus, and load, and to lubricant physical prorer- 
ties such as viscosity and viscosity-temperature and viscosity-pressure relationships. 

To this concept, another school adds more chemical concerns such as composition of the 
lubricant, polar-component properties, surface chemical interactions, and effect of mole- 
cules adsorbed to surfaces on pressure-zone viscosity. The significance of the chemical 
interface of the lubricant to the metal is emphasized by the current work in the area of 
surface chemistry noted in Section 3,2. 


Additional significant lubricant properties include thermal, oxidative, chemical and 
hydrolytic stability, volatility, chemical compatibility with bearing materials, and 
surface tension. The lubricant must, of course, be able to withstand fine filtration with- 
out detriment. It must also provide boundary lubrication under low-speed conditions. 
Teresso V-78 provides the properties for long successful operation; its potential replace- 
ment family hopefully will perform as well or better. 


4.2 Retainer 


Gyro performance, life, and torque requirements demand the use of an oil-impregnated 
porous-plastic ball retainer, or separator, to perform the dual functions of ball separation 
and provision of a lubricant reservoir and control mechanism. As demands for performance, 
life, wheel speed, and preload become more severe, the demands on the retainer also grow. 


The most commonly used retainer material in the gyro bearing has traditionally been a 
paper or cloth phenolic laminate. It has had some measure of success under certain opera- 
ting conditions, but has proven inadequate for the more difficult jobs. A major prcblem 
with the tubes or rods from which phenolic separators are manufactured has been lack of 
repeatability of physical end chemical properties from piece to piece and even along the 
length of a single rod. Because of the structure of the material, the retainer holds most 
of its lubricant on and close to the surface. Oil retention in normal phenolic-laminate 
retainers is only one to five percent by weight. 0Oil-feed characteristics are poor, and 
it is difficult to adjust the lubricant quantity to the narrow range between insufficient 
lubricant to maintain an ehd film and excess lubricant resulting in poor instrument 
perfornance. 


Porous sintered nylon (Nylasint) has provided solutions to many of the problems inherent 
in the use of phepolic laminates. Nylasint is a through-porous material with more than 
twenty-five percent total porosity. Figure 22 compares laminated phenolic and Nylasint 
porosity characteristics. In use, the oi] content ie held to a value closer to fifteen 
percent in order to avoid the oil jag (Section 6.1) and migration problems associated with 
excess lubricant. The pore structure of Nylasint is bimodal, with the larger pores gener- 
ally around 3.5 microns and the smaller ones around 0.6. Tetal porosity, pore-size 
distribution, sling-out characteristics, and strength are adjustable within fairly broad 
limits. 
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As a retainer material, Nylasint is not without problems. It is more difficult to 
machine and deburr than laminated phenolic. Its properties are better controlled than 
those of the phenolic, but not as well as desired, and it is weaker and softer than phenolic. 
It is more subject to whirl or squeal under the more rigorous operating conditions of per- 
formance, load, and speed to which it is subjected (as discussed in Section 6), though 
treatment of ball-pocket surfaces as well as other remedies alleviate this. 


Bearing life tests and gyro performance attest to the marked superiority of Nylasint 
over laminated phenolic. Operating Nylasint-bearing gyros approaching 30,000 running hours 
are still showing excellent performance with no sign of degradation. 


Both the increased oil quantity and the through-porosity of the material contribute to 
its success. A series of cests was conducted to establish the validity of the theory that 
complete circulation of the bearing lubricant occurs with use of through-porous retainers. 
Retainers were cut approximately in half and recemented with impermeable wal]s separating 
the two halves, as shown in Figure 23. Before rejoining, one half was impregnated with 
clear ludricant and the other with blue-dyed oil. Studies were made of the rate and mode 
of oil circulation as a function of running hours for a range of geometry, speed, lubricant, 
surface treatment, retainer permeability, preload, and ambient pressure, It was established 
that complete circulation of the lubricant does occur and that lubricant transfer takes 
Place at the ball-to-groove and bLall-to-retainer interfaces. 


Dramatic evidence of the need for a through-porous retainer at higher speeds is seen in 
Figure 24. Typically, for a specific set of running conditions for R4 bearings, 12,000 r.p.m. 
life with Nylasint retainers exceeds 20,000 hours. With laminated phenolic, it ranges from 
5000 to 15,000 hours; and with solid nonporous nylon with 011 retention nearly equal to 
that of the phenolic, it approximates 2000 hours. Doubling the speed to 24,000 r.p.m. 
leaves Nylasint lifc essentially unchanged, reduces phenolic life to about 500 to 2000 hours, 
and drastically cuts life of solid nylon to less than 24 hours. 


It is interesting to speculate on the possible role of a through-porovs separator as 
an oil filter, since complete circulation of the oil occurs. Is particulate matter, 
initially in the bearing or generated on occasions of momentary asperity contact or lubri- 
cant degradation products, strained from the lubricant by the Nylasint? Dark deposits are 
frequently seen in the ball pockets after bearing operat ‘on. 


Nylasint ball retainers perform well, but additional work is needed. Improvement in 
some properties, as well as in quality control, is desirable. 


53. PROCESSING 


Bearing processing, from completion of manufacture through gyro construction, must 
preserve or improve upon bearing built-in quality. In addition, this quality, as well es 
various performance parameters, must be monitored at critical construction stages. Develop- 
ment of processing techniques and evaluation means has played a major role in the evolution 
of gyro bearing techaology. 


5.1 Quality Retention 


Contamination control is © critical factor in bearings that must maintain o fractional 
microinch ehd film stability and thet do not have a frequent fresh supply of lubricant to 
flush out debris. Chemical, particulate, and even atmosphere contamination must be avoided. 


Chemical contamination of the metal surfaces, as discussed in Section 3.2, impedes the 
maintenance of either boundary or ehd lubricaticn. Its prevention is important, particularly 
in final bearing manufecturing and early instrument-processing stages. Exposure to various 
cleaning agents and processing and storage fluids aust be evaluated for potential deposition 
of unwanted films or detrimental surface chemical reactions. Housekeeping practices must 
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be well controlled to prevent contaminated fluids, dirty glassware, improper processing, 
or human contamination from affecting the metal surfaces. At the moment, the only reason- 
ably economical nondestructive test for monitoring a subtle form of chemical contamination 
is the spreading rate of oil on the surface. 


Particulate contamination is a more commonly recognized problem, and at one point 
abrasive contamination during lapping was the cause for many early bearing failures. 
Recognition of this problem by microscopic inspection with polarized light led to improved 
cleaning techniques, and this issue has been largely resolved. 


There are many potential sources of particulate contamination, as in bearing manufacture, 
packaging, instrument construction, in the solvents or the lubricant, and from the ball 
retainer. Soft as well us hard particles can be detrimental under the high pressures of 
the films between the balls and races. Ball-retainer deburring and cleaning are particu- 
larly significant in the prevention of particulate contamination, especially since the 
retainer remains a possible source of contamination throughout the running life of the 
bearing. Figures 25 and 26 are examples of brinelling by soft and hard particles. 


Atmosphere contamination refers to the condition of the ambient atmosphere in which the 
bearings are run, both in test chambers and in the final~sealed gyro float. One concern 
is control of the atmosphere to prevent detrimental chemical changes in the lubricant or 
on the metal surface. The other is retention of the physical properties needed for accep- 
table windage torque, heat transfer, and float leak detection. 


Another area of concern in bearing processing is retention of bearing geometry. Factors 
associated with bearing geometry, potentially affected by variations due to processing, 
include basic instrument design sensitivities as well as bearing dynamics and ehd film 
generation and maintenance. Of obvious concern are the changes in race-groove roundness 
that occur with interference fitting of out-of-round shafts or wheels to round bearing 
bores and outside diameters; a representative example is shown in Figure 27. Less obvious, 
but equally significant, are out-of-square and out-of-paralle] clamping distortions. 


A gross geometric change within the race grooves, attributable to processing, is brinell- 
ing due to overloading, as shown in Figure 28. This can occur during faulty preload 
application, inadvertent overload due to fixturing or assembly problems, or just poor 
handling. It presents a serious problem, and its detection is very importent to prevent 
further processing of bearings that wil] fail later due to this damage. 


5.2 In-Process Testing 


The extreme importance and inaccessibility of the bearing package in the gyro make it 
mandatory that in-process quality-assurance tests be conducted. These terts must detect 
conditions that might lead to early bearing failure or poor instrument performance. 
Various test methods and devices have been developed for this in-process evaluation. 


When the bearing is accessible in the unassembled condition, as in early processing 
stages or in diagnostic testing following problem detect‘on, a wide range of test methods 
is available. These include microscopic inspection with normal or polarized light and 
with the interference microscope, which is particularly useful for recognizing and charac- 
terizing topographic aberrations. Also available are various mears for measuring and 
tracing geometry and surface finish. In addition, a wide range of destructive tests can 
be performed for diagnosis or quality control. 


One of the most useful test devices for assembled bearing surface and lubricant charac- 
terization is the low-speed dynamometer (LSD), illustrated along with representative traces 
in Figure 29. It consists of a spindle on which ‘s mounted the bearing outer race (or 
races in the case of a preloaded bearing pair), a dead-weight axial-loading aystem for a 
single test bearing, @ means for rotating the spindle slowly (gencrally at l rpm), a 
beam on which a strain gauge is mounted tu restrain the inner race or races from rotation, 
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and a means for recording the strain-gauge output. Provision is also made for reversal of 
direction of rotation, load and speed variation, zero setting, and calibration. The 
resultant torque trace tells a great deal about the torque level, metal surfaces, lubricant 
condition, contamination, and geometry. For example, a high hash level generally charac- 
terizes a poor surface finish, contamination, or lubricant or metal degradation, the 
specifics of which are readily determinable by other means. Individual trace features 
show metal damage or dirt; the former is characterized by an initial sharp torque drop 
followed by a rise, whereas the dirt shows an initial increase. Spacing of torque dis- 
turbances pinpoints discontinuity location as being inner race, outer race, or ball. 


The LSD can be used following various critical processing stages of the individual 
bearing or preloaded pair until the wheel package is sealed into the float. Changes in 
trace character rather than absolute levels are monitored as bearing degradation symptoms. 
One of the most valuable functions of the LSD is early detection of lubricant degradation. 
It frequently provides the first test to disclose bearing deterioration problems and is 
therefore very important. Perhaps just as important is the user’s willingness to conduct 
the test and act upon the evidence. 


The other of the two most important diagnostic tools is the recording milliwattmeter- 
dynamometer, generally called the wattmeter or milliwattmeter. The milliwattmeter is used 
at bearing operating speed and simply provides a sensitive (zero-suppressed) trace of motor- 
power input. Assuming a stable powe1 supply, variations in the power trace reflect 
variations in the bearing torque demand, which in turn generally correlate with variations 
in factors influencing gyro wheel axial position. Thus the wattmeter provides a measure 
of potential gyro performance. Figure 30 shows milliwattmeter traces representing various 
classes of gyro performance. 


A particularly valuable aspect of the wattmeter is its usefulness in a wide range of 
test configurations, including bearings assembled in a test fixture, final wheel and bear- 
ing assembly, sealed float, and the completed gyro. Thus it is a useful diagnostic and 
research tool as well as a valued in-process tester. Some of the specific behavior 
petterns monitored by the wattmeter are discussed in Section 6. 


Other test devices fulfill some of the same functions as the milliwattmeter. One is a 
high-speed dynamometer which has a torque readout, and therefore does not depend upon power- 
supply stability. Its usefulness extends to the float assembly stage. Various other 
high-speed torque testers are in use both as research and production tools. 


Another useful series of in-process tests is a group using wheel runup and rundow for 
bearing and motor torque evaluation. Deceleration at high speed yields bearing friction ’ 
and windage torque data, while the low-speed end is essentially not influenced by windagd 
torque. Total runduwn time provides a rough monitor of stability of running conditions. 
These tests are useful over a wide range of gyro construction steps and are particularly 
useful in gyros subjected to prolonged or repeated testing. Bearing degradation can be 
detected by this test as well as by milliwattmeter evaluation, but generally not until 
hundreds of running hours after the inception of failure. 


Various other test methods are useful either as in-process steps or as special diagnostic 
tests, depending upon the requirements of the particular program. One of these is the 
mounting of a whee) package or float on a cradle with vibration pickups and monitoring tke 
bearing dynamics at the retainer and ball-group frequency. Some bearing configurations 
demonstrate performance particularly correlatable with bali-group frequency. 





Another useful test device is the inner-package evaluator. This is a temperature- 
controlled hydrostatic-gas-bearing-supported horizontal] element restrained by a torque 
feedback loop on which a bearing package or float can be mounted and the wheel run. 
Recordings are taken of torque to balance, ball-group-frequency vibration amplitude about 
the output axis, and motor-power input. Though this device is far less sensitive and less 
versatile in discerning disturbing inputs than a completed gyro, it is very useful. 
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Many in-process test methods are available for bearing package evaluation, as shown in 
Figure 31. Their usefulness is a function of the specific instrument requirements and 
problems. The two most useful] functicnal test devices through the years, though, have 
been the low-speed dynamometer and the recording milliwattmeter-dynamometer. 


6. PERFORMANCE 


Gyro performance reflects, among other factors, spin-axis bearing package performance. 
Some aspects of bearing dynamic behavior affect instrument precision without influencing 
bearing life, but bearing degradation almost always causes gyro performance degradation. 


6.1 Bearing Dynamics 


Though many aspects of bearing dynamic behavior are now understcod, there are still gaps 
in the understanding of the fundamentals. The old theories, based on a model] with metallic 
contact between race and ball, do not adequately account for viscous effects or for ball- 
retainer coupling. Work is currently underway to close these gaps. 


One of the earliest of the bearing dynamics phenomena to be explained was the “classical 
jag’, or “oil jag’. The jag was first seen in gyro performance as an abrupt change in 
float balance along the spin axis, followed by an exponential decay. Later developaent 
of the milliwattmeter disclosed the existence of a simultaneous sharp increase in motor 
power, also followed by an exponential return. Microscope observation oi stroboscopically 
illuminated bearings showed the power increase to be accompanied hy the centrifuga! release 
of an oi) droplet from the ball retainer OD to the outer-race groove. This is a brief 
version of an investigation that spanned several years in varicus places by various people. 
It is now apparent that oil is deposited by the balls in the retainer ball pockets and that 
it runs out and tends to collect on the retainer OD. When the centrifugal force on the 
oi] drop exceeds that of the surface tension, the drop is thrown to the outer race. If it 
lands in the race groove, it presents the balls with a sharp increase in film thickness. 
This film thickening in one bearing increases axial load on both bearings and moves the 
wheel center of gravity, thus changing the gyro float balance. Bearing torque and ‘there- 
fore motor power also increases, due to added viscous drag and increased load. Equilibrium 
conditions return exponentially. 


As expected, improved control of lubricant quantity reduced the severity of the problems. 
Bearing design also influences jagging incidence and severity. For example, the problea 
becomes more acute with a ful] outer race than with one with a land ground off, and is 
alleviated by a more open groove-to-ball conformity. 


Another aspect of bearing dynamics that has yielded to investigation is the interaction 
of the ball groups in # preloaded bearing pair at their deat frequency. A characteristic 
sinusoidal milliwattmeter trace reflects the varving bearing torque as the two misaligned 
ball groups beat with respect to each other. and the effective preload is increased and 
decreased by the varying phase relationships of the larger balls in the two ball groups. 
In addition, each ball varies its speed and moves across its ball pocket (at the beat 
frequency), and the bal] retainer center of g’ vity is driven in a circular path around 
the bearing axis (also at the beat frequency) with respect to the ball group. Modification 
of this dynamic behavior can be achieved by varying the size match of the balls and their 
relative position in each bearing. and by varying basic ball-group size of one hearing 
with respect to the other, thus changing the contact-angle aatch and therefore the beat 
frequency. 


Variation of the beat frequency occurs as the direction of an acceleration (e.g. gravity) 
is changed with respect to the spin axis. The wheel mass acted upon by the changing 
acceleration direction alters the effective load on the two bearings differentially, and 
therefore affects their contsct angles and beat frequency. 
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High-speed ball-retainer whirl (eccentric motion of the retainer center of gravity 
around the bearing avis), and in a limiting case squeal, are serious bearing dynamics 
problems. Synchronous whirl, or translation of the retainer center of gravity around the 
bearing axis at the wheel frequency, is not generally a problem. Its severity is a function 
of wheel unbalance and bearing preload, generally occurring only in lightly loaded bearings. 
More serious is high-frequency whirl caused by ball-to-retainer frictional coupling, which, 
in generation mechanism, is similar to journal-bearing dry-friction whirl. Severe cases 
of this whirl are accompanied by very high erratic torque and in many cases by audible 
squealing or chirping. This condition appears on the milliwattmeter as a power disturbance 
with a high-erratic, hashy trace. It may be momentary or intermittent, appearing as a 
sharp short power spike, undetectable by other means. The squeal condition is intolerable 
and, depending upon its severity, it is accompanied by poor gyro performance, excessive 
torque, and early berriug failure. 


The best method of correction is reduction of the frictional] coupling of the ball to 
retainer, generally by improved lubrication. In the case of the Nylasint retainer, this 
can be accomplished by salt-blasting the ball pockets, which compacts the surfaces and 
provides better lubrication. Other means for compacting the ball-pocket surfaces are also 
effective. 


Another approach is to randomize the driving mechanism of retainer squeal. This can 
be done by deliberately mismatching ball sizes within the bearing or by spacing the ball 
pockets nonuniformly in the retainer. Though effective, these methods exact ® penalty 
in higher bearing torque. 


Additional investigations into the fundamentals of bearing dynamics are in progress. 
One test device rotates the inner and outer races of an axially loaded bearing in opposite 
directions, as seen in Pigure 32, maintaining the bal] group and retainer (when one is 
used) fixed in space. This permits microscope observation of ball motions and use af 
instrumentation to measure retainer forces. Some tests are conducted with bails with 
smal] diametral through-holes, providing a preferred ball-rotation axis and an observation 
and analysis tool for ball-motion study. Another device permits outer-race rotation of @ 
preloaded bearing pair. with independent torque measureacnts of the two bearings. It is 
also instrumented for axial and redial retainer-motion monitoring. 


Studies conducted with these test devices will disclose fundamental bearing knowledge. 
Factors being studied include ball precession. ball slip es shown in Pigure 33. retainer 
forces, ball-group speed ratio, retainer dynamics, and bearing torque versus variables of 
speed. lubricant type and quantity. geometry, load, retainer configuration, metal surface 
characteristics, and others. These studies wil} lead to continued isprovement in ayro 
life and performance. 


6.2 @ro Perforeance 


The gyro itself is the only device senaitive enough to tell whether or not bearing 
performance goals are achieved. In addition. it is a very useful diagnostic tool for 
bearing parameter evaluation and improveme:t. Pinaliy. it can be easity monitored to 
disclose the health of the bearing package at any tine during the life of the gyro. 


Qyro stability, decermined by a variety of tests in both fixed and varying acceleration 
fields, combines factors associated with and independent of the bearing package. Various 
eeans are used to separate bearing performance from other factors. One common test, for 
example, uses the gyro to stabilize a servo-contro]led turntable in inertial space, thus 
causing the gyro to tumble in the earth's gravity field. Repeatability of gyro unbelance 
from revolution to revolution provides a record of balance stability. Comparison of this 
stability for gravity positions in which random @otion along the spin axis ill show es 
torque uncertainties, eith positions not affected by spin-azis instability, prevides an 
indication of bearing perforeance. Coupling of this information with sigultaneous record- 
ings of motor input power and signal-gencrator output at the ball-group frequency provides 
a more cceplete picture. as show in Figure 34. 
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Varictis Stier tests of float balance with the gyro tumbling and in various fixed-gravity 
orfentations, and subjected to higher vibratory and steady-state acceleration levels, 
reveal bearing patkege data. In each case, the power and output frequency analyses are 
necessary correlacive tools. In fact, these tests, combined with specific bearing para- 
meter or running condition variables, provide useful design information. 


Ne ball-bearing gyro should experience severe bearing failure without warning. As 
bearings degrade, they show very distinctive symptoms. Perhaps the first sign of impending 
bearing failure is evidenced by gradually degraded performance, particularly with regard 
to spin-axis stability. The milliwattmeter trace develops erratic periods as degradaticn 
progresses, with both degree of power variation and ratio of rough-to-smooth trace becoming 
greater, Changes aay also occur in the signal at the ball-group frequency. With continuing 
degradation, wheel deceleration tests show changes in both character and total] rundown tise. 
The time from the first detectable feilure symptoms until appreciably higher power dermand 
occurs can amount to several hundred or thousands of running hours. 


Use of current ball-bearing technology has permitted the construction of gyrex demonstra- 
ting performance levels unexcelled by any other spin-axis suspension. Long life has also 
characterized these instruments, both in terms of wheel running hours and shelf ‘ife, 
examples of which are cited in Table II. Successful bearing use does demand, howevyr, 
rigorous adherence to the highest quality control standards in both manufacture and :ro- 
cessing. Some of these standards have been discussed in this paper. 


It is expected that future efforts in ball-bearing technology will yield further advances 
in both understanding of fundasentais and developsent of improvements. Work is being per- 
formed, for exemple, in <he fields of bearing dynamics, the lubrication mechanism, and the 
rece-grvoove and bel? surfaces. These efforts should result in gore consistent achievement 
at lower cost of currently deaonstrated etcellent performance and long reliatie life. They 
ahsuid atwo provide the basis for meeting even more rigid requirements in the future. 


ACKNOSLEDGUENTS 


This paper covers work ah Tro bal)]-dbearing technology carried out under various US Air 
Porce, CS Navy, and National Aeronautics and Space Administration c.ntracts. Current. sork 
in the bvaring dynamics area is being perforsed under the auspices of DSR Project 32-306, 
gpensored by the Avionics Laboratory of the Ait Porce Systena Command through Contract 
F336 15-68-C- 1385 with the Instrumentation Laboratory, Massachusetts Inatitute of Technology. 
Cambridge, Massachuset(s. Current eork in the area of surface chemistry ia bring carried 
out under the auspices of DSR Projert $8-219, sponsored by the Manned Spacecraft Center 
of NASA through Contract NAS 9-3079 with the WIT Inatruaentetion Laboratory. Jn the lubri- 
cant replacement program, current effort is under the auapices of OSR Project $2- 275, 
sponsored by the Spece and Missile Systems Organization of the Air Porce Syateas Command 
under contract 4F 04(694)-999 sith the WIT Inst cumentation Laboratory. 


The contributions of various governmental and private agencies to the status of the 
bearing technology reported here are also achnosledged. 





330 


APPENDIX 
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TABLE I 


Effects of TCP Coating on Low-Speed Endurance and Torque 


R4 bearing, 1 r.p.m. 
10 lb axial load As finished TCP coated 
(4.5 kg) 


Torque (gm cm) 
Time to failure (hours) 





TABLE I 


Gyro Bearing Running Time* 





* Date as of 1 January 1968 
t performance failure at Y $000 hours (0.6 years) 
** Btill running 
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Fig.3 Major areas of bearing progress 





Pig.4 Comparison of microstructure of 440C versus 52100 steel 
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Fig.5 Inspection of metal for inclusions 
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NORMAL MICROSCOPIC APPEARANCE INTERFERENCE FRINGE PATTERN OF SAME 
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Fig.10 Comet o~ bearing inner race-gruove surface 
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Fig.11  R4 bearing outer-race groove after 10,000 hours of successful operation at 
24,000 r.p.m. 
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Fig.13 Typical ball-lapped finish, R4 440C inner-race gruove 
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Fig. 14  Lubricant-film electrical-resistance gauge 
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Fig.16 Chemically contaminated bearing surface, early failure 
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Fig.17 Surface changes, early bearing failure 
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Fig.19 Surface changes, inner-race grooves, tricresyl phosphate (TCP) prerunning 
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Pig.21 Aging effect on wettability 
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Pig.24 Expected bearing life versus seed for three retainer aaterials 
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Pig.2S Brinella on inner race-groove surface caused by soft particles 
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Fig.29 Low-speed dynamometer and typical traces 
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Fig.30 Bearing behavior as seen on milliwattmeter 
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Fig.31 Bearing evaluation at successive processing stages 
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Fig.33 Slip of ball to inner race versus axial load for different inner race curvatures 
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SUMMARY 


The problems of the manufacture of three types of self pressurised gas 
bearings are compared and the manufacture and inspection of an experimental 


conical bearing is described. A proposed design for a miniature gyroscope 
is included. 
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CONICAL GAS BEARINGS FOR 
GYROSCOPE SPIN AXIS SUPPORT 


D. Faddy and T.L. Ellis 


1. INTRODUCTION 


At the Royal Aircraft Establishment three types of self-pressurised gas bearings have 
been considered for spin axis support of inertial quality gyroscope rotors. They are: 
opposed hemispherical, cylindrical journal and flat thrust plate (‘H” form) and conical 
bearings. The opposed hemispherical bearing and the conical] bearing have been investigated : 
entirely at RAE and the “H” form bearing has been the subject of a Government contract 
with the British Aircraft Corporation. 


abi oo 


At first it appeared that considerable difficulties lay in the design of bearings to 
provide adequate gyroscope performance, particularly in respect of stability and vibration ; 
capacity. The work on the stability of bearings both in the USA and in the UK has resulted § 
in satisfactory solutions to this problem in many cases. Further, the actual shape (whether : 
hemispherical, “H’ type or conical) is much less important than the projected area of the 
bearing in the direction of the load and it can be assumed, with certain minor restric- 
tions, that bearings for gyroscope spin axis support with satisfactory static and dynamic 
performance can be made in any of the three configurations mentioned. 


A considerable number of papers have now been published on the theoretical aspects of 
self-pressurised gas bearings but, apart from the problem of bearing surface materials, 
relatively little hes been published on the practical aspects of manufacture. Considerable 
difficulties were experienced with the manufacture of heaiepheres, which seriously incon- 
venienced and delayed experimental work. Cylindrical bearings have likewise proved tine- 
consuming and expensive to manufacture. It has seemed to us that the difficulty and cost 
of manufacturing bearings is delaying their development, not only for gyroscope use, but 
also for the other applications for which they are theoretically suitable. 


We concluded that it would be best to concentrate our efforts on the type of bearing 4 
that would aininmise the manufacturing problea, both at the development stage aud, if . 
possible, in production. 


The other problem which has seriously iapeded the development of self-preseurised gas 
bearings is that of the development of suitable materials for satisfactory start-stop and 
touchdown performance. In view of the effort devoted to this aspect of the subject else- 
where we have, for the tiene being. ignored this problem and relied on the advice of 
orgenisations specialising in thie field. 


2. COMPARISON OF TRE DIFFICULTIES OF MANUFACTURE 
OF THREE TYPES OF BEARING 


2.1 General Requirements 


The three types of bearing are shown diagramatically in Figure 1. The ease with which 
a bearing can be sanufectured cannot be assessed accurately without detailed knowledge cf 
its diuensions and ea ousber of sanufacturing trials. However, it is assumed for the 
purpoces of this comperison that the siz principal conditions to be satisfied areas follows: 
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(a) A minimum of highly skilled handwork, such as lapping, should be required. 


(b) The number of close manufacturing tolerances should be reduced to a minimum. They 
are always easier to achieve on a machine than by hand. 


(c) Final inspection to gas bearing tolerances is time-consuming and expensive and 
should be minimised. Intermediate inspection is even mcre expensive and should be 
eliminated. 


(d) It is difticult to obtain a good surface finish (1-3 microinches) at the same time 
as a tight dimensional tolerance (10 microinches). The requirement to do both 
these things at the same time should be avoided as far as possible. 


(e) It should be as easy as possible to manufacture grooves or pockets for supporting 
thrust loads. 


(f) The parts should be simple and robust so that they are easy to clean and assenble. 


The choice of the bearing type which best satisfies these conditions is bound to be con- 
siderably influenced by the grinding machinery already available, unless time and resources 
are sufficient to permit the development of special purpose machinery. 


Although larger machines were available within the Royal Aircraft Establishment the 
most convenient one for this work was a small Studer type OB machine, 12 vears old, but 
in quite exceptional condition. The machine was improved by the additicn of a British 
Aircraft Corporation extemally pressurised air bearing workhead and now produces work 
round to within 10-12 microinches. 


It should be borne in mind, however, that the accuracy and surface finish that can be 
obtained from cylindrical grinding machines modified from manufacturers’ standard has 
recently shown signa of marked improvement. It is probable that, within the next five 
years or 80, machines of a much higher accuracy will become available at prices comparable 
with those of present day top quality machines. 


The manufacturing requirements and difficulties of the three types of bearings are now 
discussed. 


3.2 “WW Fore Beariags 
The manufacture of these bearings involves the following: 


(a) Bither the shaft or the bore of the journal have to be sade to size to within 10 
sicroinches. Normal prectice seems to be to grind the shaft between centres and 
to lap the bore by hand, checking straightness from tine to tise. It is possible ; 
to grind the rotor bore, tut thie has not usually teen done an far as we are avare. 


(b) The four thrust faces have to be sade perpendicular to the azes of the bore and 
ehaft to a very enell tolerence. Three arc seconds is typical on siniature bearings. 


(c) The length of the shaft end bore relative to each other have to be controlled to an 
accuracy of 10 microinches in order to control thrust plate clearance. 


(d) In order to suppress half speed whirl. either the bore has to be accurately autilated 
ty lobing or the shaft has to be helically grooved. 


(e) The thrust plates have to be spiral grooved. This is a highly developed operation 
which is probably easier to do on flat thrust plates than on any other type of 
surface. 


Of this list all stages, except possibly (e), require hand operations and/or inte.wediate 
iaspec*ion. 


2.3 Gppesed Nenisgheres 


This arrangement hes the unique advantage for single azis support that no alignment of 
the bearing surfaces is necessary. It has also, in common with conical bearings, the 
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advantage of stability as the grooves necessary for thrust support alsc serve to suppress 
whirl. The manufacturing difficulties are as follows: 


(a) It is necessary to make the males and females accurately spherical to within 10 micro- 
inches and one of them to size within 10 sicroinches. 


(b) A straightforward method of measuring the diameters of female hemispheres other than 
hy glass masters is required. 


(c) Spiral grooves are more difficult to aake in hemispheres than in any other type of 
surfaces. Pockets are much easier but give considerably reduced performance compared 
to grooves. 


Considerable difficulty has been experienced with the manufacture of hemispheres for experi- 
mental purposes at RAE. They have been made mainly by hand lapping to glass masters. This 
is a time-consuming and expensive operation and it is difficult to get good operators to do 
it for protracted periods. An automatic lapping machine has been made but, although satis- 
factory for portions of spheres away from the polar and equatorial regions, it has not given 
good results for complete hemispheres. 


Plunge grinding appears to be a auch more promising method of producing fesale heni- 
spheres economically, but really requires a special purpose cylindrical grinding sachine i 
with precise control of wheel] or workhead centre height. : 


The Instrumentation Ladoratory of the Massachusetts Institute of Technology have pub- ‘ 
lished the results of a considerable amount of work on bearings of this type’ and have : 
developed equipment for measuring female hemispheres and for machining spiral grooves. 

The methods used by them appear to be expensive and time consuming. 


2.4 Conical Bearings 


The basic advantage that conical bearings possess is that none of the bearing surfeces 
have to be made to size. ‘The bearing fila thickness can be controlled ty adjusting the 
length of a separately manufactured spacer or somcthing siailar. This aeans that an sccept- 
able surface finish is much easier to obtain crow a grinding machine. ‘They are also alacet 
as easy to groove as are flat thrust plates. 


Conical bearings share with bemispherical bearings the advantage alreedy mentioned that 
grooves for thrust support will aleo serve to give stability to the journal and also thet 
female surfaces can relatively easily be coated with hard aaterials. 


The tight tolerances required are as follows: 


(a) It is necessary to hold the cone semi-angle of mating wale and female cones to 
@ithin 8-10 arc seconds of each other on bearings of about 0.4 inch generator 
length. This appears to be relatively easy to do on a suitable grinding aechiae 
by suitably ordering the sachining operations. 


(b) The axes of the four bearing surfaces have to be held colacident with each otber 
to a high accuracy. This is auch the gost difficult part of the eanufacture of 
conical bearings but. by careful use of eandrels (see Section 3). beariags can be 
aligned to sufficient accurucy without intermediate inspection. Purther, this 
problea can be considerably reduced in some bearing designs. 


{c) One male cone gust be a very precise alidiag fit oato a central shaft in order to 
gaintaic alignment while allowing adjustwent of the clearence. 


2.5 Cesparisen 


The main poinis of comparison detailed above are summrised in Table 1. which indicates 
fairly clearly that the conical design has many advantages. It was on this sort of reaece- 
fag that we decided to concentrate effort onto the conical beariag. 
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At the time ‘hat this decision was made it appeared that conical bearings offered a 
simplicity of minufacture which had impeediate advantages for experimental work and longer 
term potential for cheaper production bearings. It was appreciated that other organisa- 
tions had experimented with this type of bearing and finally used some other form in 
production but, in the absence of published information as to the reason for this, it was 
felt that this information had to be ignored. 


3. MACHINING METHOD FOR TEST BEARING SURFACES 


The problem of manufacturing conical bearing test pieces is basically that of ordering 
the machining operations so that the requirements of matched cone angles and alignment are 
achieved without any sophisticated setting-up procedure. 


The materials chosen for the test pieces were Stellite and an sir hardening tool steel, 
for the male and female cones respectively. The latter saterial was chosen because spiral 
grooves can be easily etched into the surface. 


The bearing parts (Fig.2) were machined to normal egachine shop tolerances, and the 
female portion was heat treated. The holes in the male cones vere accurately ground and 
lapped to became a firs fit onto a plug gauge. The sandre] in the workhead (Fig.3(a)) was 
aleo ground to provide the same type of fit into the male cone bore. The workhead was set 
at the required angle and the sale cones were ground to the required finish (Pig.3(b)). 


It is most important that the mandrel] should not be moved until the male cone grinding 
is completed. and thai the workhead should not be aoved until all the conical surfaces are 
finished. The cylindrical sandrel was replaced with a conical type (Fig.3(c)) and ground 
to the seme angle; the rotor was clamped into position (Fig.3(d)) and the exposed cone was 
gachined. The rotor was then reversed on the sandrel and the other female machined. This 
procedure should ensure that the axis of the fenale cones are coincident to a high order 
of accuracy. Finally the workhead was re-aligned parallel to the traverse. and the outside 
of the rotor was ground concentric with the female cones. 


4. INSPECTION METHODS 


The inspection of conical surfaces presents some special preblems. ‘The seasuresents 
that have to be sade are as follows: 


(a) roundness, 

(b>) surfece finish, 

(c) straightness of generating lines. 

(6) cone angle, 

(e) axial alignment of the aele surfaces and of the female surfaces. 


The first three are standard inspection procedures common to cylindrical bearings and do 
not need describing. Methods of measuring the other teo were developed in association with 
RAE Inspection Oeparteent and are described nov. 


Although eeans of eeasuring conical plug gauges are well known end sore sophisticated 
e@ethods of seaeuring easter gauges have been deecrided recently’. none of those known to us 
were suitable for the iaspection of femnle surfaces. The principal equipments required are 
an optical dividing head end a Taylor Hobeon Mitronic Comparator. The “Witranic” was 
originally developed ty Perraati Lisited from a gyroscope pick-off and is basically en 
electronic dial gauge capable of detecting aovements of 2 sicroinches (0.05 aicron). The 
dividing head is placed on a surfece table. sith its rotating plate set perpendicular to 
the table surface. The two eale cones atsenbled on their shaft between centres are avunted 
on the rotating plate with their axis parallel to it; the plate is rotated until a cone 
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generating line is parallel to the surface table, using the ‘Mitronic” as a height compara- 
tor at each end of the bearing surface. The angle of the dividing head is recorded and the 
procedure repeated for the other three generating lines in the same vertical plane. From 
this information both cone angles can be deduced, together with the angular misalignment 
of the cone axes. Th.s procedure must be repeated with the cone assembly rotated through 

a right angle to establish the spatial relationship of the cone axes. The angular align- 
went of female conical surfaces can be measured sinilariy. 


There remains the problem of establishing the perpendicular distance between the cone 
axes at one point. This can be done for the rotor, by rotating it with one female surface 
separated from a mating cone by a thin film of oi] and measuring the total indicated run- 
out of the unsupported female ccne with the ‘Mitronic” cdmparator. The cones can be 
rotated with a simple motor, through a friction drive, and results repeetable within 5 
microinches (0.08 micron) can be obtained. A similar system can be used to measure the 
male cone asseably. 


5. GROOVE MANUFACTURE 


The methods that heve been investigated at RAE are: electro-chemical etching, chemical 
etching and grit blasting. Of these. electro-chemical etching has now been sbandoned 
because it is considered unnecessarily complicated for gas bearing purposes. Chesical 
etching is the simplest of the two other methods. but cannot be used for ceramic surfaces. 4 
Both methods are suitable for development as inexpensive production methods. : 


A flet easter plate is etched with grooves and used to project the pattern onto the 
besring surface which has previously been coated with a positive light sensitive varnish 
(Pig.4). Ultra violet light is used and, after development, the unexposed areas of varnish 
ere washed sway. The part is then subserged in dilute acid for « predeterwined tine to 
etch the grooves to the required depth. Severe] coebinations of nitric, hydrochloric and 
Suighuric acids have been tried on herd eteel. The most consistent results have. however, 
been obtained with a 1% solution of nitric acid in distilled water. heated to 60% and 
vigorously agitated. Oxide residue in the bottoms of grooves can conveniently be reaoved 
with a hard pencil eraser leaving « clean finish with sharp edges. but with a slight 
tendency to under cut. 


Por ceramic bearings a grit blasting technique has been developed. Por these. conical 
shell etencils (Pig.5) are eate by the same process as described above, except that the 
@toore pattern is etched right through the stencil. A small grit blasting eachine eanu- 
factured by &.5.Ghite and using fine aluminium oxide powder hax been adapted to aake the 
grooves (Fig.6). The sale cone, covered ty the closely fitting sash is rotated about its 
ezis at about 200 rev‘ain. The noezle of the grit blasting eachine is aounted on an are 
#o that it is swept hack and forth along the surface of the cone as it rotates. In this 
way. the grit is distributed uniformly over the area to be grooved. The sain difficulty 
that has so far been experienced is that. in order to achieve @ tolerance of about £20 
sicroinches on groore depth. extreme uniforaity is required of the bearing aaterial. 

This is difficult to obtain with flese plated costings. uniess special precautions are 
teken. 


6. RESULTS OF SOME RANUFACTURING TESTS 


Three rotor and bearing assemblies of the type shows in Figure 2 were eamufactured ty 
the method described in Section 3. The first of these ws sade om an unpodified Studer 08 
sechine and the others vere ade on the same aachine after it had been sodified by the 
addition of the externally preseuriced air bearing eorkhead. They vere inspected ty nethods 
which vary in detail from that proposed for future dearings and outlined in Section 4. 
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The results are given in Table Ii and Figure 7. The total indicated run-out measurements 
are of the outside edge of one female surface relative to the other and of the shaft where 
it protrudes from the male cone relative to the male surface. These figures include the 
error in roundncss. Tne straightness tolerance is measured over 90% of the generator 
length, so that edge effects as the grinding wheel begins and ends its cut are ignored. 


These results are too few to be entirely convincing, but indicate that this type of 
bearing can be satisfactorily made on a suitable high precision grinding machine. The 
most difficult problem is alignment of the conical surfaces and in this respect the chosen 
manufacturing test piece was a severe test. It is also possible to positively lock the 
grinding machine workhead at the required angle with a removable taper peg. A simple 
experiment done recently suggests that this could enable the rigid order of machining 
operations imposed by the present method of manufacture to be abandoned. A further 
possibility, arising irom this, is the manufacture of shell bearings which could be 
attached to less accurately made conical backing pieces with a filled resin during assembly. 
Alignment of the shells would the be enforced by the mating parts. 


Although the surface finish achieved on hard steel and Stellite has been satisfretory, 
a considerable amount »f time has been required to achieve it. Recent grinding tests on 
flame plated ceramics with diamond wheels have resulted in rather unsatisfactor finishes. 
This, it is felt, is a result of trying to work too cluse t> the limits of the grinding 
machine. 


7. EXPERIMENTAL RESULTS 


A flywheel was added to the second rotor assembly and its radial and axial cumpliances 
were measured at a range of speeds up to 309 cycles/second (Fig.,). These are plotted in 
Figure 9, where details of the bearing are also given. 


The radial compliance shovld be the same as the axial compliance in a satisfactory gyro 
epin axis bearing, and in this respect the results are not good. However, they are of 
interest because the attitude angle of ti.e bearing is shown to be very small at speeds 
over 200 cycles/second. This would result in a very low cross anisoe’astic drift rate, 
even though the radial compliance is very high. 


The groove angle and groove depth of this bearing are much too high and experimental 
bearings of more realistic design are being manufactured at present. 


8. A PROPOSED DESIGN FOR A SINGLE AXIS GYROSCOPE 


We have considered as a design exercise, a suitable gas bearing for an inertial quality 
miniature gyroscope to meet the following requirements: 

(a) Total weight of wheel assembly, including motor but excluding float: 50 gm. 

(b) Angular momentum: 10° c.g.s. units. 

(c) To fit « cylindrical float of internal diameter: 3.6 cm. 


Two basic possibilities of external and internal motor stators were considered. The 
external stator has the advantage of better heat dissipation and greater simplicity of 
bearing design. The internal stator, on the other hand, offers the advantage of largest 
angular momentum for a given rotor weight. In fact the decision to use an internal stator 
arrangement was taken on the practical grounds that a suitable motor had already been 
developed by the British Aircraft Corporation for an “HH” form design and we know of no 
suitable existing external stator design for our purpose. 
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Two possible alternative materials were considered. The first was to make the assembly 
(excluding motor parts) from solid ceramic. The ceramic of which we have most experience 
is Sintox manufactured by Smith’s Industries Limited. Although it is of high porosity, 
which results in a reduced hydrodynamic performance, it has been shown by the British 
Aircraft Corporation to have a satisfactory start-stop life. Ceramics have, unfortunately, 
a very low thermal conductivity, which makes them suspect for internal stator designs. 

The design illustratec in Figure 10 therefore makes use of the second possibility, i.e. 
flame plated aluminium alloy, #5 the rotor and bearing material. The thermal properties 
of this material are good. 


The bearing material tc be deposited ty flame plating is still the subject of experiment 
but will probably be aluminium oxide, although tungsten carbide and chrome oxide are being 
conSidered as alternatives. 


The main points of the design are as follows: 


(a) The rotor female surfaces are aligned by grinding both bearings without moving the 
rotor in the workhead. In order to do this the grinding wheel has to be carried on 
a long mandrel to enable the surface closest to the workhead bearings tc be machined. 


(b) The male cones are of aluminium shrunk onto a central non-magnetic stainless steel 
tube. One male cone is to be permanently assembled onto the chrome plated stainless 
steel shaft before finish machining. Clearance is adjusted by lapping the end of 
the stainless steel tube on which the other cone is mounte. Non-magnetic stainless 
steel was chosen because its high thermal coefficient of expansion provides a reason- 
able match with that of aluminium. 


9. CONCLUSION 


The results achieved so far show the conical type of bearing to be quite promising for 
gyroscope spin axis use. They have the considerable advantage that they appear to be 
relatively easy to make on the highest quality of cylindrical grinding machines available. 
There are a number of possible ways of overcoming the alignment problem which is their 
most serious drawhack, 


It should be remembered that we have primarily considered the problem from the point of 
view of our immediate manufacturing resources. It has become clear to us tnat it is 
possible to develop high quality special purpose grinding machines suitable for the manu- 
facture of any type of self-pressurised gas bearing. The availability of such a machine 
might modify some of the data used in the comparison of the various bearing designs in 
this paper. 
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TABLE II 


Results of Some Manufacturing Tests 
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Rotor Assembly 
















Rotor end A 
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method of 
measurement 
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at this stage. 





Rotor end B 






Male No. 1 





Male No, 2 


Rotor Assembly No.2 


Rotor end A 
Rotor end B 
Male No.1 
Male No. 2 


Rotor Assembly No.3 
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Rotor end A 





Rotor end B 
Male No.1 
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Fig.1 Types of bearing for the support of gyroscope rotors 





Fig.2 Rotor and bearing asseably for sanufacturing tests 
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Fig.4 Projection of groove patterns onto conical shapes 


Pig.5 Shell stencils for grit blasting 














371 





Fig.6 Grit blasting apparatus 
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Fig.7 Typical roundness and straightness charts for the second set of bearings. 
(Ia each diagram onc smal] division represents 10 microinches) 




















Fig.8 Test equipment and flywheel asseably 
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Fig.9 Experimental results for Searing assembly No.2 
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fig. 10 Proposed design for single azie floated gyroscope 
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STRAPDOWN GUIDANCE COMPONENT RESEARCH 


Richard J. Hayes 


1. INTRODUCTION 


The major advantages of strapdown guidance and control systems over conventional gimbaled 
syStems have been cited as reduced weight, volume, power requirements, cost and packaging 
flexibility. Also, it has been noted that the major disadvantages are associated with the 
fact that high angular velocities generate performance errors and the strapdown system 
requires a very fast computer to avoid non-commutative and truncation errors in the attitude 
computation. 


On the basis of these statements, it would appear that strapdown systems hold such 
Significant advantages over gimbaled systems that one would expect to find strapdown systems 
in wide use today. However, the opposite is true. Gimbaled inertial systems still dominate 
the guidance and navigation field and probably will continue 1o do sa for several years. 
Even though the rapid advances in micro-electronics in recent years have made strapdown 
systems technology more of a reality, many technical problems remain to be sclved before 
the advantages cited above can be fully realized. 


This paper reviews the results of research efforts conducted by the NASA Electronics 
Research Center since 1964 in the field of strapdown guidance and control. The technical 
areas discussed in the paper include gyroscopes, accelerometers, test methods, computers 
and electro-optical sensors. 


2. INERTIAL COMPONENTS 


2.1 Major Differences Between Stro-down and 
Gimbaled Inertial Techniques 


The first practical inertia! navigation systems placed the package of inertial sensors, 
gyros and accelerometers on a platform surrounded by gimbals. The purpose of the gimbals 
was to isolate the sensor cluster from vehicle angular motion, that is, to keep it rotating 
in a prescribed manner relative to the stars regardless of the motion of its carrying 
vehicle. The gyros in this package sense any deviation from the prescribed angular motion 
and the gimbals are used to return the cluster of sensors to its desired attitude. 
Accelerometers often perform a dual function jin gimbaled inertial navigation systems. In 
addition to the usual role of using acceleration measurements to compute position and 
velocity changes, these systems use accelerometer outputs to maintain the sensor package 
orientation. For example, in a system operating near the earth's surface. accelerometers 
can be placed with their input axes nominally horizontal. If the inertial sensor cluster 
is tilted from level, it measures a component of gravity and the accelerometer outputs 
are used to command gimbal rotations until the instrument platform returns to a horizontal 
orientation. In these systems, the navigation equations are usually solved in the coordin- 
ate axes defined by the nominal orientation of accelerometer input axes and no resolution 
of accelerometer outputs is required before they can be used by the navigation computer. 


In a space stabilized system, where the reference frame is an inertial frame, the gyros 
see essentially no angular motion. If the coordinate frame is a local vertical frame, it 
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must be commanded by torquing the gyros at the vehicle's latitude and longitude rate. This 
amounts to, at most, the earth’s rotation rate of 15 deg/hr, plus perhaps 25 deg/hr for a 
transport aircraft. 


In strapdow navigation systems, the sensors are mounted directly to the vehicle and 
sense the vehicle angular motions. The coordinate frame exists in the computer and is 
calculated from the initial alignment of the system and from the solution of a matrix 
differential equation using the body axis angular measurements with a suitable integration 
algorithm. The gyro is now a restrained sensor and the measurement of the angular motion 
is made by torquing the gyro. The torquing accuracy can deteriorate for very high vehicle 
rates; however, for the motions of most missions, the torquing must be done with an accuracy 
of a few parts per million. 


The gyros used in gimbaled systems usually have time constants that are much shorter 
than the significant dynamics of the gimbals, so that they do not present a problen. 
Gyros in strapdown systems, however, must have higher bandwidth for several reasons. 
First, for a given output axis inertia, the restraint loop stiffness must be kept high to 
minimize cross-coupling errors. The gyro error angle should be kept small in the face of 
large input rates. Second, the gyro must sense as much of the vehicle motion as possible. 
If the vehicle is coning at frequencies higher than the gyro bandwidth, it will appear as 
a constant drift error. The accelerometers are compensated for the Coriolis and centri- 
fugal acceleration due to the size effect by using the measured angular motions from the 
gyros. If the motion cannot be followed by the gyros, then the accelerometer readings 
contain errors. Lastly, strapdown navigation systems provide body-axis information that 
could be used for autopilot functions as well as for navigation, for which high bandwidth 
js desirable. 


Strapdown systems promise lower cost, easier maintenance and more reliability since 
one has the opportunity to achieve redundancy at the sensor level, rather than the system 
level. On the negative side, removing the angular motion isolation provided by a gimbal 
structure permits generation of potentially large sensor errors and requires a high dynamic 
range in the gyros. While single-degree-of-freedom gyros in gimbaled systems are restored 
to their nominal state by corrective rotaticn of the sensor package, a rebalance torquing 
loop is required for each gyro in the strap-down system. This torquing loop introduces 
several new sources of potential gyro error. In addition, a greatly increased burden is 
placed on the computer in terms of both speed and size requirements. Calibration of gyro 
and accelerometer error coefficients cannot be achieved by rotating the gimbals with 
respect to gravity prior to flight. Therefore, in strapdown systems the stability of the 
error coefficients becomes of prime importance. 


2.2 State-of-the-Art for Inertial Strapdown Sensors 


Most existing inertial grade gyroscopes were designed for gimbaled applications and are 
not directly suitable for strapdown applications. The characteristics of typical existing 
gimbaled gyroscopes versus those characteristics felt desired for strapdown gyroscopes 
useful in general space and aeronautical applications are illustrated in Table I. The 
figures given are maximum values. 


As indicated in Table I, many improvements are desirable for strapdown gyroscopes for 
both aircraft and spacecraft applications. The higher torquing rates are necessary to 
prevent a loss of reference during situations where vehicle tumbling occurs. The scale 
factor reduction is necessary for vehicles that maneuver through large angles, i.e., an 
aircraft taxiing or circling for landing. In addition to those characteristics listed 
in the table, it is felt that strapdown gyroscopes goals should include the following 
general requirements: 


A capability for in-flight scale factor change. 
Gyro failure detection schemes. 
Self-calibration of scale factor. 
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Minimum overall power. 

Dual torquer providing compensation. 

Life in excess of 50,000 hours. 

Over 10,000 start-stop cycles with no degradation in performance. 
Rapid warm-up to stated performance in 30 minutes. 


TABLE I 

























Gimbaled 
(Available) 


Strapdown 
(Goals ) 


Gyro Characteristics 





Bias stability (deg/hr) 
Acceleration coefficient stability (deg/hr g) 
acceleration squared coefficient stability (deg/hr g*) 
Input axis alignment (sec) 

Maximum torquing rate (deg/sec) 

Scale factor linearity (ppm) 

Scale factor stability (ppm) 


Dynamic error linear motions (deg/hr g? r.m.s. ) 


| Dynamic error angular motions (deg/hr) 


2.3 Unconventional Strapdown Inertial Sensors 


Although it is felt that single-degree-of-freedom gyroscopes with characteristics similar 
to those listed in the previous section will be useful in many space and aeronautical 
vehicles, there are other sensors in the research phase which show high promise for some 
applications. ‘Two of these are the Electrically Supported Vacuum Gyro (ESVG) and the Laser 
Gyroscope. The main attraction of the ESVG is that it offers a natural inertially fixed 
reference frame formed by the spin axes of two non-collinear ESVG@’s. Thus there are no 
integration errors in the calculation of the attitude transformation aatrix and one reads 
out the vehicle attitude directly. In addition, there are no anguler motion errors similar 
to the cross-coupling or output axis inertial coupling of the restrained sensors. However, 
the ESVG has serious limitations in its ability to survive in a severe launch vehicle 
environment, a limited readout accuracy, and undesirable torques caused by its electrical 
suspension system. The Laser Gyroscope is inherently a more rugged device and, while not 
a free gyro, it does not have cross-coupling errors and output axis inertia errors. The 
integration error remains, but is minimized due to the high bandwidth of the instrument. 

At low rates, mode locking occurs and prevents accurate detection. Additional problens 
occur in bias stability and linearity. However, using either mechanical dithering or 
Faraday ceils, the dered zone problem has been drastically reduced, with further improve- 
ments possible. Some of the linearity problems have been simultaneously reduced along 
with the reduction of the dead zone. Research is still needed to extend the life of the 
device to make it competitive with conventionai single-degree-of-freedom gyroscopes. The 
Laser Gyroscope has the most potential for an accurate, low-cost sensor with the least 
operational constraints, offering quick warm-up, inherently digital output, easily defined 
and maintained (nput axis, as well as ease of maintenance. 


2.4 Figure-of-Merit Scheae for Strapdom Sensors 


During the past several years, the NASA Electronics Research Centy; has undertaken 
analytical studies to develop models of strapdowmn gyroscopes in ord=r to evaluate their 
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potential performance and better understand their error sources. During the course of 
these studies, a figure-of-merit scheme has been developed for relating the performance 
of gyroscopes to the accuracy of strapdown inertial reference systems*®. This figure of 
merit is independent of the transformation computation and thereby provides a generalized 


measure of the effectiveness of strapdown gyroscopes. 


The figure of merit is the rate of growth of the error in the coordinate transformation 
matrix (i.e., the drift rate of the computed inertial reference frame) assuming a perfect 
navigation computer. This can be related to the upper bound on navigation errors arising 
from system misorientation. The usefulness of this figure of merit comes frum the fact 
that it is possible to express its growth in terms related solely to gyro output errors 
through a set of equations that are easily implemented on a computer. Consequently, the 
figure of merit is a useful device for systematic evaluation of different gyros. Because 
it is unrelated to the direction cosine matrix algorithm, that portion of the strapdown 
system need not be simulated when comparing angular motion sensors. When a model of error 
generation within the gyros is provided, the figure-of-merit growth equations permit 
evaluation of system errors for a given mission to any accuracy desired. Both rate and 
rate integrating gyros can be treated. Any detail of gyro operation can be included. 


As an analysis tool, the figure of merit is used in conjunction with mathematical models 
of gyro dynamics and gyro error generation mechanisms. With the mission-dependent motion 
environment as the basic input, the analysis proceeds through calculation of the error 
histories of the angular motion sensor cluster. The error histories are applied to compute 
strapdown system attitude errors to any accuracy desired through a set of non-linear 
difference (or differential} equations. A simple calculation converts the attitude error 
matrix to the scalar figure of werit. Random motion environments can be treated using 
Monte Carlo techniquez. Of course, the gyro-induced system errors summarized by the 
fisure of merit are highly mission-dependent and any choice of the best gyro wade on the 
basis of this analysis is tailored to the environment described. 


In addition to the detailed computer examination made possible by the figure of zerit, 
Simplification of the growth equations permits considerable insight into the major effects 
of gyro errors on strapdown system misorientation. Specifically, it demonstrates the 
importance of correlations between errors in individual gyros and between errors frou 
pairs of gyros. As a consequence of this insight, gyro synthesis and optiaization 
procedures are possivle. Using simplified models of gyro dynamics when necessary, the 
gyro-induced system errors (as reflected in the figure of merit) can be expressed as an 
analytic function of the major gyro parameters. Direct determination of the optiaus gyro 
is then possible. Parameter constraints can be easily imposed. Simplifications have been 
used to permit hand calculations for the solution of simple design problens. 


Most importantly, the figure of merit and the equations relating it te gyro errors 


provide a powerful strapdown gyro design too] that can be used with any degree of accuracy 
desired. 


2.5 Optiaum Strapdom Sensor Configurations 


The design of an inertial sensor packa.e for giabaled systens has generslly been limited 
by the need for small, balanced configurations in which the accelerometer and gyro inyut 
axes are aligned with the navigational reference frame. In strapped-down nevigation systems, 
the increased computation capability and inherent flexibility in packaging sake it possible 
to design the sensor package for aaximum accuracy. For example, in space missions, where 
thrust is primarily along a single axis, some advantage can be gained through the use of 
non-orthogonal instrusent orientations. 


Using a criterion of minimum sean-squared error at the end of navigatica, a generel 
computer program has been developed at NASA/ERC for automatically optimizing the oriunta- 
tions to the sensors relative to the body azes’. The aethod of computation is illustrated 
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in Figure 1 and the results obtained to date for two typical space missions, using various 
available inertial instruments, are given in Figure 2. On the basis of these results, a 
possible 20-25% improvement in performance seeas typical for unmixed systems. The study 
also shows that the improvement is almost entirely due to a reduction in the effects of 
gyro errors, and that the optimal gyro configuration is to some extent independent of the 
actual instruments and mission. The optimum configuration shown in Figure 3 is representa- 
tive of the results for all cases investigated on the deep space probe. As compared to 
the standard orthogonal configuration (Fig. 4), the optimum design is remarkably different, 
with all output axes (OA) nearly parallel to the roll axis and all input axes (IA) close 
to the yaw-pitch plane (within 110°). In this configuration, the error is almost entirely 
due to gyro bias, with each bias uncertainty contribution 6 ft/sec to the midcourse velocity 
correction. 


The curious result of Figure 3 can be attributed largely to the fact that the nominal 
specific force is always along the vehicle’s roll axis. In this case, it is clear that 
the individual gyro errors due to sass unbalance and anisoelasticity are eliminated by 
placing the gyro output axes along the roll axis. It is perhaps not so clear that it is 
also desirable to have all gyro input axes close to the yaw-pitch plane. The reason for 
this is that the propagation of gyro errors into position and velocity errors depends 
only on the components of angular error about axes perpendicular to the nominal specific 
force. 


It thus pays to share angular information about yaw and pitch at the expense of angular 
information about the roll or thrust axis. The degree to which this is done in any specific 
case depends on a secondary effect in which the roll] indication error propagates into an 
uncertainty yaw, and thereby into position and velocity errors, in the presence of a nominal 
angular velocity about the pitch axis. The extreme configuration of Figure 3 is thus due 
to the fact that the total pitch maneuver in the two transfer trajectories considered was 
only 19-15°; and it is to be expected that the optimum gyro configuration tor a boost 
trajectory would require a wore eccurate indication of roll. 


2.6 Required Sensor Technology Developsent (reas 


An important research area is the angular-aotion-induced errors of the strapdoen gyro- 
scope, including the dynamic errors and the scale factor error. A better definition of 
the angular vibration environment of typical vehicles is required. This includes inforua- 
tion over a wide frequency range and also on the correlation of motions between body axes. 
Inforeation about the aotion in various locations of the vehicle is required aleo. To 
estimate the dynamic errorr. an analytical sodel of the response of the nonlinear pulse 
rebalanced strapdom gyroscope has been the subject of NASA‘ERC analytic studies. Methods 
of reducing dynamic errors include selection of optiaum gyroscope parameters, compensation 
of the rebalance loop with electronic circuits. compensation by use of angular acceleration | 
sensors or use of the output axis suspension to generate angular acceleration information. 


The scale factor error requires study of each elenent of the gyro and its rebalance 
loops. The choice of which type of loop. i.e.. two-level, three-state or pulse width 
modulated, is dependent on both dynamic consideration as well as which gives better bias 
stability, scale factor stability and non-linearity. 


The gyro torquer design involves optiaal use of geometry and investigation of aaterials 
for magnetic, thermal and structural properties. The torquer should have stable aagnetic 
properties with ease of senufacture and a siaple stabilization procedure as isportant 
considerations. Qyro torquing was recognized as a probles in high performance giabdaled 
gyros because of the resulting thermal unbalance. Strapdoen gyroscopes are especial ly 
sensitive to thie error because of the high angular rates the gyro sees. This presents a 
good argument for a constant power restraint loop and also requires the torquer to be 
designed for the saziaum torque with sinisum power as a constraint. 
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Use of gas lubricated bearings for the suppo.t of the rotor of a strapdown gyroscope 
is prompted by the reduction in mechanical noise and the absence of wear between the moving 
surfaces. The bearings must provide enough torsional stiffness such that the rotor does 
not touch the stationary portion of the bearing when the instrument is subjected to angular 
velocities. In addition, the amount of power required to drive the wheel should be kept 
at a minimum and the design should include low anisoelastic torques. The speed of the 
wheel should be kept high in order to get maximum angular momentum, which gives lower drift, 
and the output axis inertia can be kept small, minimizing the angular motion error due to 
output axis coupling. 


Attention has been given to the method of suspending the gyroscope about the input axis. 
Subjecting a single-degree-of-freedom gyroscope to angular rates about its output axis 
causes the gyro to precess about its input axis. With no restraint against this motion, 
rubbing can occur and the subsequent friction about the output axis can be a significant 
gyro error. Methods of restraint include wires, high-frequency fluid pumping in the 
vicinity of the output axis pivot, and the electromagnetic tuned suspension systems. 


One of the advantages of strapdow systems, the ability to replace a failed sensor easily, 
leads to the important development areas of mounting and alignment techniques. Since the 
sensor cannot he aligned in the vehicle by suitable orientations to a know input, techniques 
are being developed to assure that gyroscopes can be prealigned and normalized. Experiments 
are underway to evaluate the stability and repeatability of a mounting scheme using a sleeve 
that fits onto a post having several stages with increasingly tighter fits encountered as 
the instrument is mounted. 


An important error source that is not generally considered involves the rotor being 
uncoupled rotationally when the case is subject to oscillatory angular motions about the 
Spin axis. The perameters of the motor rotor coupling such as stiffness and damping, are 
critical in determining this error source. How these parameters are affected by the motor 
parameters, such as magnetic field strength. saturation levels and geometry are being studied. 


the gyro bias error arises mainly from the flex leads. that carry the actor current 
through the damping. and from magnetic interactions between the gyro motor, microsyns, 
torquer and any magnetic materials in the gyro. By careful attention to materials and 
their treatment. as well as by good design. these errors can be reduced. The acceleration- 
sensitive errors come in part from fluid torques. so that thermal design is an important 
part of the total gyro design. Material dimensional atability and aicrocreep character- 
istics are important in sinimizing this error source as weil. The acceleration squared 
errors are due aainly to anisocelasticity in the bearing and this is an important part of 
the bearing design. 


An iaportant part of gyro-error coefficient stability is a atatistical description of 
coefficient behavior. With gond statistical eodels of the coefficients, the calibration 
problem is wade easier, since a measurement of gyro drift in a vehicle can be assigned to 
@ particular error source with some degree of confidence. 


In addition to improving the performance of gyroscopes for strapdowm applications, the 
‘gethod of testing inertial instruments has also received attention. Some of the recent 
advances in this field are discussed in the next section. 


3. INERTIAL STRAPDOEN TESTING TECHNIQUES 


Strapdowm inertial system testing is s complex task requiring thorough analysis of test 
objectives. test techniques, test equipment and data processing sethods. 
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A strapdown system test must include both sensor assembly and flight computer, and 
progressive tests must be made from the sensor level to complete system environmental 
levels. General categorization of these tests would be 


static component calibration, 
dynamic component calibration, 
system level component calibration, 
transformation computer checks, 
static system tests, 

dynamic system tests, 

system environmental] tests. 


The complete system test is basically a calibration of the coefficients used in the 
analytical model. This involves experimental evaluation of the random variations of the 
model's coefficients. 


Not only is the system performance demonstrated but also the evaluation is made of 
each known error source and its contribution to the total system error. System errors 
must be evaluated ultimately with the hardware in system configuration, even though com- 
ponents have been tested individually, in order to determine the effects of structural, 
thermal, and electrical coupling on the magnitudes and characteristics of errors. 


Total system errors are determined by testing in the desired kinematic environment and 
differencing the system’s output of attitude, velocity, and position, with test reference 
measurements of the same quantities. 


The types of restricted environment tests that are conducted to define magnitude and 
characteristics of system error sources include: 


(i) Single Channel Testing - Constant Input - Cousisting of a series of known inputs 
of rate and acceleration to the inertial sensor unit. 


(ii) Single Channel Testing - Vibratory Input - Consisting of a series of known vibra- 
tory inputs of rate and acceleration to the inertial sensor unit. 


(iti) Coupled Sensor Testing - Vibratory Input - Consists of a series of vibratory 
inputs applied to the sensors and near-perfect com;ucational processing of their 
outputs. Errors measured in single channel tests must be subtracted from the 
outputs of this test. 


(iv) Computer Program Testing - Verification that the computer program performs as 
desired by comparing a known input to a known output. A sensor package simulator 
is employed in order to precisely control the input. 


(v) Coupled Sensor and Computer Testing - Vibratory Input - Consisting of input 
environments generated by an angular saddle shaker and a combined angular/linear 
shaker. If effects of coning are to be investigated, a multi-axis rate table is 
required. Input frequency extends through the bandwidth of the sensors. 


In addition to the limited environment component and subsystem tests it is necessary to 
verify that all system errors are secognized and accounted for. This entails a realistic 
laboratory environment simulating the intended flight environment: 


(1) For Airplane Applications - Requires a multi-axis rate table capable of low 
frequency, large aaplitude motion with low frequency angular vibrations super- 
imposed. Mounting a linear shaker on this table would provide further reslisa. 


(i114) For Space Applications - Added capability of the multi-axis table to provide the 
angular motion simulating spacecraft on interplanetary missions during non- 
thrusting phases. 


(iii) Por Boost and Injection - A centrifuge with the sensor package mounted on a 
counter-rotating table is a reasonable simultation. 
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The guidance facility of the NASA Electronics Research Center has started development 
of the multi-axis test table and angular vibration equipment required for system testing. 
At present, the capability is limited to the single channel testing which can be accomp: ished 
with the single-axis rate table equipped with a two-axis fixture for guidance system loads. 
This system provides an automatically programmed table axis capable of positioning to an 
accuracy of t1.0 second of arc with a resolution of 0.36 seconds of arc on receipt of a 
digital position command originated at the control console or an external computer. 


The axis operates as either a position or rate servo on receipt of a command from a d.c. 
analog voltage. Maximum acceleration capability about this axis is 10 radians per second 
squared. The table can follow input signals as high in frequency as 100 c/s. Digital 
position readout by means of 0.0001 degree and 0.1 degree up-dowm pulses is provided about 
the table axis for dynamic measurement of guidance system performance and verification of 
rate drive accuracy. 


3.2 A Precision Tilt and Rotational Vibration System 


The ground induced noise on conventional gyro test stations, even those mounted on bed- 
rock, causes serious problems in strapdown system and component testing. The oscillations 
due to the gyro noise affects gimbaled systems but this motion, or dither, does not imvair 
long-term system performance due to the isolation provided by the gimbal structure. However, 
in strapdowm systems, this noise builds up errors due to the sequential computation tech- 
nique inherent in the systems design. It is therefore important that these noise signals 
be measured during instrument tests. At present these gyro noise signals cannot be distin- 
guished from signals produced by ground motions. To avoid this at test stations, attention 
in recent years has been focused on actively stabilized test pads. At NASA/ERC, analytical 
and experimental studies have been performed which demonstrate the design feasibility of a 
tilt and rotational isolation system that will maintain a surface at level to within better 
than 0.1 arc seconds and provide rotational isolation from ground motions and torque dis- 
turbances in an urban laboratory‘. The combined use of a tiltmeter referenced to gravity 
for low frequency servo-mechanism control and conventional inertia isolation permits design 
of a rotational isolation system (about a horizontal axis) having a transmissibility less 
than one at all frequencies. The principal limitations of the design are the stabilities, 
resolutions and noise outputs of the sensors used for the servo-mechanism control and the 
structural natural frequency of the servo-mechanism drive and platform. 


To demonstrate the feasibility of the two-axis levelling system that is required for 
strapdom system testing, an experimental single-axis model of the system has been fabri- 
cated and is shown in Figure 5. Tests conducted on the experimental syster to date 
indicate a long-term drift of the order of 0.1 arc seconds and short-term drifts due to 
gyro noise of less than 0.01 arc seconds in the presence of noise up to 10 arc seconds. 


The experimental platform also has permitted demonstration of the system's capability 
to resist large torque disturbances. For example, a 200 pound aan sitting on the platfors 
deflected the drive mechanism 3 arc seconds while the resulting maximum deviation of the 
platform surface from level was less than 0.1 arc seconds. The instrumentation used in 
the experimental system is shown in Pigure 6. The indicated drift data for the experi- 
mental platform is shown in Figure 7 along with the data of the ground aotion. 


4. STRAPDOWN COMPUTER TECHNOLOGY 


4.1 Strapdown Computer Requirements versus Gimbaled 
System Computer Requirenents 


In the well know gimbaled system of inertial guidance and navigation, a space-stable 
reference is phyaically created by the use of the inertial properties of wyros. Mounted 
on an inner block, gyros maintain a non-rotating reference by driving the isolation gimbals. 
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The displacement of the frame can be obtained by integrating twice the outputs of the 
accelerometers which are mounted along with the gyros. 


In contrast to this mechanical arrangement, the space-stable reference frames of a 
strapdown guidance system is created electronically. The gyros and the accelerometers 
are fixed to the vehicle frame. The instantaneous relation between the vehicle frame and 
a known inertial frame is maintained in a digital computer by solving a set of mathematical 
equations using measurements from the gyros. This information is sufficient for the proper 
interpretation of the accelerometer outputs. The physica] arrangement of a typical strap- 
down system configuration in a vehicle is show in Figure 8. Finding the instantaneous 
values of the transformation matrix which relates the vehicle frame to a known inertial 
frame is the basic problem of the strapdown system and it is primarily a computational 
problem. Since the computer integrates the angular motion of the vehicle by the addition 
of discrete data, a large memory capacity and the ability to cycle computations very 
rapidly is required to prevent large non-comautative errors and other integration errors. 


Many perameters can be used to relate the vehicle frame to the reference frames. Three 
classes of predominant interest are 


(i) three Euler angles, representing successive rotations about three body-fixed axes 
in a specified sequence; 


(ii) nine direction cosines, relating each of the accelerometer axes to the three 
computational axes; and 


(iii) four quarterions or Cayley-Klein parameters. 


The nine elements comprising the 3 x3 orthogonal matrix are the most straight forward 
method of describing orientation of one axis frame with respect to another. Solution of 
the difference equations involves only aultiplications and additions and it can be used 
most easily to resolve the acceleration vector. Since only three of the nine cosine numbers 
are independent parameters, computational errors in the integration of all nine lead to 
non-orthogonality of the satrix. However, for short-term applications. such as for boost 
and injection into a parking orbit. no correction is generally necessary. 


Figure 9 is a block diagram for the computation of the direction cosine matrix and tuc 
resolution of the ecceloration vector into the inertial frame. It represenca the additiona) 
computational requirement for a strapdown system over the conventional gimbaled systes. Let 
C be the 3x3 directional cosine matrix and let “ be a 3«3 matrix shere elements are 
given by the rotational rates of the vehicle as readout by the gyro; the computational 
problem of the instantaneous direction cosine matrix involves the integration of the aatriz 
equation. : 

acct) 


wee = Cf}, c = ; 
at ‘ (0) 1 


Por a given accuracy, trade-off studies using various integration algorithas. step sizes 
(or rate of integration) have been obtained. Por exaaple, the Lunar Excursion Module (LEN) 
Strapdowm System has found that an integration interval of 20 aillisec (or 50 iterations ‘sec) 
with a second-order Taylor series expansion integration algoritha is sufficient fur its 
application. Figure 10 gives typically the ccspu ational requirements in temas of vord 
length, storage capacity and computational rates necessary to perform the navigation. guid- 
ance and control function for injecting into a 100 nautice) mile parking orbit using a 
atragdowm syeten. Figure 1! is a sore detailed breakdown of the computatimel requirements. 
The attitude computation represents essentially the additional requirements tapceed on the 
computer by the strapdom system over the gimbaled system. I{ dominates all other conputa- 
tions. Note that the reciprocal of the average operation ‘second is equivalent to a 
conventional add operation in a digital computer. Normalization factors are used to 
convert other operations into add operations. Por exemple. 1 sultiplicatioan operation is 
considered to be equivalent to 6 add operations. 
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4.2 Modular Computer Technology Development 


In undertaking a broad research program in strapdown quidunce and control at NASA’ERC, 
the development of a new computer concept has been a sajor task. It was telt that present 
day designs of aerospace computers lack the characteristics of long life. flexibility of 
application and reliability that are required for future aissitons. To achieve these goals, 
modularity in design which provides redundancy of the various elements within the couputer 
(on the level of memory, iogic, input ‘output, etc.) appeared to offcr the best chance of 
success. The advantages of such an approach are: 


(i) The physical modules perform recognizable and complete func“ions to permit the 
computer to be readily expanded or contracted in capability according to the 
mission. 


(ii) With some initial over-capacity, failures can be tolerated before the sission 
success is affected. Additional failures can still be tolerated; either all 
computations are performed at a s:ower rate. or the least important computations] 
tasks are deleted. With these alternatives, the computer in essence slows down 
rather than failing completely (a feature commonly know as graceful cozgraiatioa:. 


NASA’/ERC is developing a modular computer as part of 1 strapdom guidenc? aystex package 
for use in unmanned space missions. ‘The end result of first phase of this program is the 
“breadboard” modular computer. The breadboard wii) be integrated with a c-rapdow: IW 
(Inertial Measuring Unit) for total system evaluation. It will also be uscd as a test bed 
for reasearch activities in hardware technology as well as the development of softusre 
techniques to diagnose and to initiate the switching of aodules. 


Pigure 12 is s block diagram of the configuration of the sodular computer. A working 
computer consists of a working geaory sodule, & working control] sodule, a working arithmetic 
module and a working input/output module. Data flow between units is in 3 bit bytes nlus 
parity. 


1. The CAD (Configuration Assignaet Unit) controls the awitches which interconnect the 
various sodvles to produce the necessary working computer or computers. Communication 
between the CMU and the CU's is accomplished in 32 bit word peraliel fore. 


2. The CU (Controi Unit) performs the duties of desergining the sequence of oparsiions 
within the computer formed by iteelf in conjunction with one memory. cus Al and aay applic- | 
able Input/Output Unit. It contains 3 index registers. a high-speed local data sesory and 
a high-apeed local progres memory. A dloch diagram of the Contrul Unit is given as Figure 13. 


3. The Mamory Unit. the Arithmetic Unit and the Input-‘Ritput Cait are conventional. 


The following is «& summery of the specific features cf the aodular computer: 


~ 3 independent computers for eaulti-processing. 
~ 37 configuration for a siegle computer operation. 


~ Byte (6 bit) transfer through switches ~ this is designed to siniaize the ounver of 
‘connections between aodules. 


~ Parity check op bytes. 
- 3% bit word consisting of 32 information bit (4 bytes) and 4 ptrity bits. 
~ Ploating point arithartic hardeare. 


- Block transfer of data from’to eepory tofrom input Output Unit. Direct semory access 
or cycle stealing features for 1.0 ‘transfer. 


- High-speed local date eeucry (128 words) and high-speed local program semory (64 
words) - these are not extensions of the eain aemory. Each loca! date eumory is 
addressable. Que of the reasrne of incorporating this loce! memory is to speed up 
the Control Unit./Arithmetic Unit operation. It can by isplemented using 14! technology. 
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~ 3 address systems - this is keyed to the local memory concept since the addressable 
memory is only 128 words. It is particularly suited for strapdowmn computations. 


- 3 index registers per control unit. 


Cross-commu.ication between contro] units through common and addressable registers 
in configuration assignment unit. 


- 28 instructions. 
- 18 memory, 4k submodules with expansion up to 32k ‘module 
- Sample instruction rate 


Ploating point add 12 us 
Ploating point multiply 32 us 
Logical operation 12 «us. 


It should be noted that, in view of the 3 address system, an add instruction in the 
modular computer is equivalent to the 3 consecutive instructions for the single 
address systea. 


~ Simulation results indicate about 4.4 ws will be required for the computation of the 
attitude matrix in the strapdowm system using a second-order Runge-Kutta scheme. At 
$0 times’sec this is about 25% of the computer load. 


This computer is being built by United Aircraft Corporation for NASA’ERC and is presently 
in the breadboard phase*>. The deliverable breadboard contains two coluans and hes tro 
2..-sec, 4k core e-mories. There will be $30 printed circuit boards in the Sreadboard, 
each beard containing an average of 22 integrated cicc..is. The current estimate is thet 
each imdule srl] contain the following approxisate nueber of boards: 


AU- S4 boards. — 1300 sates, 
CU- 104 boars. 2390 gates. 


Future versions of the modular computer are planned to incorporate LSI technology. 


3. OPTICAL SENSOUS FOR KTRAPDOSN RYSTENS 


$.% Mequirencais« 


Electro-optical devices can augeent s strapdoen inertial system during space wissions 
by furnishing updating information to the inertial ayates. thus providing Dounds on gyre 
drift. 


In general, it aay be said that pone of the stellar charecteristice .direction, radia- 
tive flux, etc.) 941] change by «2 seastireable asount due to the sovrements of an inter- 
planetary eehiciv The fact that they ere “fined” ankes thee appropriate for defining a 
celeatial fraxework (708 <bick optically derived ioformation can be processed to update 
vehicle positios. relocity. and align the spacecraft. 


Vebicle att:iite during all phases of a aission can be determined by star patter 
recognizers ur cosbisationr of neer body se ‘20rs and star trackers. Near body sensors 
include suf sensors, planet trackers, Sorizgon sensors. and land eark (trackers. Thee these 
trackers are used to detersine position for initial strapdom inertial aligwent the 
accuracy requirements are 1 to 10 seconds of arc. Spacecraft attitude accuracy require- 
eents are 1 to 10 sinutes of arc. Por special situations such as laser communications. the 
fine pointing fr wirements become 0.3) to ! second of arc. 


Figure 14 indicates how auxiliary optical sensofs are combined eitA a three-azis strap- 
Gown ipertial measurement unit. 


in order to make syacecreft alignment and stebilization sore reliable. star field sensors 
and systems which function independently of wost of the other spacecraft systems wust be 
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developed (Fig.15). Present interplanetary spacecraft employ sun sensors and a Canopus 
sensor for spacecraft attitude alignment. These sensors must, however, be orieuted by 
pointing the spacecraft, and are thus dependent on the attitude control system. In 
addition, the spacecraft must be stabilized in order to point near their specific tergets 
for proper system operation. When sun sensors are used, navigation is mandatory befure 
alignment can take place; otherwise, the line of sight to the sun provides little or no 
information about the inertial pointing direction. All navigation and attitude computa- 
tion is then performed on the ground after the sensor data have been transmitted to the 
Earth. 


A planet tracker finds potential application in hoth attitude reference and control 
systems and as a navigation sensor. The use of stellar data in attitude reference systems 
is well known. The stars represent targets which are, in effect, infinitely far from the 
spacecraft and, hence, valuable in the establishment of spacecraft attitude in inertial 
space, independent of spacecraft location within the solar system. The use of planets 
for attitude reference is complicated by appreciable motion of the spacecreft relative to 
the target planet; accurate ephemeris of the planet is required, as well as accurate Icca- 
tion data for the spacecraft. Thus, the use of the planet tracker in attitude reference 
systems is best served in applicaticns where attitude relative tu the near planet is 
required. This may be the situation whiere communication antennas are to be directed 
Earthward or when reconnaissance senso~s are to be directed at the planetary surface. 

In this role, the planet tracker provides a precise planet reference attitude and pre- 
cludes the requirements for accurate planetary ephemeris and spacecraft position data. 


The planet tracker, as a sensor for autonomous navigation, provides two useful data 
sources: the direction to the planetzry center, such that star-to-planet center angle 
measurements may be incorporated into the navigation system, and the range to the planetary 
center. During the approach phase, this data is sufficient for accurate navigation measure- 
ments and for accurate pointing of sensors at the target planet. Analysis has shown that 
ranging data is not very accurate at large distances from the planet and the tracker, as 
a ranging device, could not begin ta compete with onboard radar ranging techniques. Pointing 
information at large distances can be made very accurate, however, ] part in 500 of the 
total field of view being a reasonable expectation. 


The planet tracker application to the terminal guidance problem circumvents many of the 
problems associated with the use of an Earth-based system. Uncertainty in the astronomical 
unit (AU) limits the performance of an Earth-based terminal guidance system. A spaceborne 
sensor provides data relative to the target planet and offers the possibility of improved 
accuracy ‘n the terminal and approach phases. As more sensing and computing facilities are 
carried aboard the spacecraft, the communication problems of 4 deep spece mission such as 
overloading of existing channels, long times of transmissions for narrow bandwidth data 
communication, and the time lag for the roundtrip signal passage, are alleviated. 


The identificatica of Canopus involves inspection of the Canopus sensor’s output and a 
man in the loop. Such a system could be used for alignment of a strapdow inertial system's 
computer if the attitude were then transmitted back to the spacecraft. Reliability uf the 
spacecraft alignment system can be increased considerably by eliminating these interdepend- 
encies. Star Field sensor systems involve only a discrete radio command or an onboard 
sequencer to initiate alignment. The remainder of the system operates autonomously, taking 
a “snapshot” of the field-of-view, identifying the stars within the field. In addition to 
providing a computer ‘ith the instantaneous pointing direction of the spacecraft, such a 
system can be operated continuously to generate error signals for the attitud. stabilizarion 
system. 


The star pattern recognition process (Fig. 16) involves angular-subtense measurements, 
relative brightness measurements, and counts of stars within the field. While the computer 
operates on sensor data, a strapdown inertial measurement unit can be used to measure the 
spacecraft’s attitude change. The solution to the alignment probiem at. the commanded time 
is then adied to the attitude change for final alignment information 
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In order to provide a basis for sensor design, an effort was initiated which examined 
the requirements and trade-offs associated with changes in sensor field of view, limiting 
stellar magnitude, and probability of observation for an arbitrary number of stars. When 
any two design parameters are fixed, the third is determined uniquely. Subsequently, 
optical design parameters, detector characteristics, functional constraints, and perforn- 
ance requirements must be traded off tu achieve the required field of view, sensitivity, 
and probability of observation. The technique employs real stars and involves no statis- 
tical modeling concerning star distributions. Probability of observation has been deter- 
mined with absolute confidence by making use of spherical geometry to find the loci of 
desired pointing directions within the celestial sphere. 


The results of the first two phases of the NASA/ERC study indicate a definite need for 
higher sensitivity and finer resolution than are presently available in photodetectors. 
It has been show that stars of nearly 5th magnitude oust be detected for unity probability 
of observation of just one star in a practical field of view of 20°. Figure 17 shows the 
field of view necessary to observe n stars with a probability of 1.0, given the detector 
sensitivity. The necessary field of view is much larger than can presently be achieved 
with reasonable system accuracies (approximately one minute of arc). The third phase, and 
by far the most critica] phase of the study, has shown that by reducing the probability of 
observation of one star to 0.95, the field of view can be reduced by more than 30%, and 
the sensitivity can be reduced by a factor of more than 2.5. Research in the electro-optics 
field is continuing in order to provide accurate, reliable sensors for updating strapdowm 
inertial systems on deep space missions. 


6. CONCLUSIONS 


This paper has reviewed some of the research progress made in the field of strapdown 
guidance and control. The field is relatively new and rapid strides have been made in 
the last few years. At this time, the following conclusions appear warranted: 


(i) The major potential advantages of strapdown systems cver gimbaled systems involve 
reduced weight, volume, power, cost, along with increased packaging flexibility, 
reliability and ease of maintenance. 


(ii) The major limitations are associated with the fact that high angular velocities 
produce performance errors and the system requires a faster computer. 


(iii) In the inertial component area, presently available accelerometers appear adequate, 
but significant advances are required in gyroscopes for strapdown applications. 


(iv) From a systems standpoint, the gyroscopes and accelerometers should be considered 
as senSing packages, i.e., gyro plus loop and accelerometer plus locp. By design- 
ing integral units it becomes possible to replace the sensors and maintain strap- 
down systems with minimum difficulty. 


(v) The laser gyro and electrically supported gyro offer potential advantages over 
the single-degree-of-freedom floated gyro for strapdown applications. 


(vi) The figure-of-merit scheme discussed in the paper offers an analytical means of 
relating gyro performance to the accuracy of the strapdow system and thereby 
provides a generalized technique to evaluate the effectiveness of strapdown gyros. 


(vii) Strapdown systems permit designers to consider other than orthogonal orientations 
of gyros and analytic studies have shown that in some cases a 20-25% improvement 
in navigation accuracy can be achieved by using optimum, non-orthogonal sensor 
configurations. 


(viii) There are stiil many technological problems to be investigated in inertial strap- 
down systems. These include material stability, torquer design, alignment 
procedure, thermal] balance and calibration procedures. 
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(ix) Strapdowm technology permits a digital computer interface between guidance and 
control functions which permits systems designers to consider integrated guidance, 
navigation and control procedures. 


(x) Testing of strapdown systems presents a nev series of challenges to system 
engineers, and some encouraging progress has been made in the field of active 
isolution from the ground environment. Experimental evidence indicates that 
noise levels of 0.03 arc seconds peak-to-peak can be achieved using available. 
instrumentation. 


(xi) In computer technology, the development of modular techniques appears to have 
significant advantages over present aerospace computer techniques to strapdown — 
applications. 


(xii) Solid state, no-moving-part electro-optical sensors can be effectively used with 
strapdown inertial systems tc provide bounds on gyro drift. 


Based on the research progress tc date, it appears that strapdow inertial systems will 
be realizable and find many applicaticns in future space missions. Their utility in areas 
of long flight where extremely high accuracy is not required appear especially desirable. 
It is not expected that strapdown systems of the future will replace gimbaled platform 
systems in those applications where extremely high accuracy is required. By continuing 
an active research program in strapdown component technology, including inertial, computer 
and electro-optical sensors at NASA/ERC and other interested organizations, it is believed 
that the full potential of strapdown systems will be achieved and the results will benefit 
a wide spectrum of fut'ire navigators. 
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Fig.3 





Optimum gyroscope configuration for r.m.s. mid-course velocity correction 





Fig.4 Standard accelerometer and gyro configuration 
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Fig.5 Experimental tilt station at NASA/ERC 





Fig.6 Close-up view showing control and monitor tiltmeter and control gyroscope 
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Fig.10 Computational requirements for injection into parking orbit 
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Fig.11 Computational requirements for injection into 100 nautical mile parking orbit 
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SUMMARY 


This paper presents a general description of the design and construction of the 
GYROFLEX Gyro and some of the highlights and results of Kearfott’s evaluation testing of 
units. In the discussion of component evaluation, both bench and test results and 
environmental test results are presented. 
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THE GYROFLEX*® GYROSCOPE 


Richard F.Cimera and Michael A. Napolitano 


1. INTRODUCTION 


In the early 1960's, industry recognized the need for a small, lightweight, highly 
accurate but low cost inertial sensor. Kearfott also recognized this need and began a 
concentrated effort to conclude the development of the Gyroflex gyro. The Gyroflex gyro 
was conceived in 1958, It is a two-degree-of-freedom, dry, flexure-joint-suspended, free 
rotor gyro. Its unique feature is a special rotating flexure suspension on one end of a 
shaft, supporting and serving as a pivot point for the wheel, thereby, providing a support 
truly free of spherica) friction. Internal to the flexure suspension is a gimbaled compen- 
sation device which cancels the spring restraint of the flexures. The other end of the 
shaft supporting the flexure suspension is driven by a synchronous-hysteresis motor. The 
result is a displacement gyroscope with minimal spring rate operating in accordance with 
conventional two-axis-gyroscopic theory. 


Figure 1 is a mechanical schematic of the Gyroflex gyro. The axis not shown has 
identical pickoff and torquer coils. The Gyroflex gyro concept permits the inertia wheel 
to be completelv free of all wound components. The armature of the two axes pickoff and 
the permanent magret of the d.c. torquer are integral parts of the inertia wheel, but they 
do not require electrical connections. Therefore, there are no requirements for slip rings, 
rotary transformers, or flex leads to transmit power through the suspension system. This 
is an important performance and reliability advantage. 


2. SUSPENSION SYSTEN 


To achieve inertial quality performance, the suspension system must have very low 
spring rate and no friction. Fleaures provide a suspension system that has no friction 
because there are no rubbing or sliding parts. Low spring rate is obtained by using the 
thinnest possible flexures. High strength is required to resist the stresses encountered 
during shock and vibration. The flexures are fabricated to operate well below the micro- 
yield point. Careful control of grain size is necesnary because of the thin section. 
Very low hysteresis is obtained through material selection and precise manufactur ing 
controls. 


Since the suspension system rotates with the inertia wheel, the effect of spring biases 
in the flexures is cancelled for a complete rotation. 


The Gyroflex gyro has an additional desirable characteristic - no “dead-band”: the 
smalleat potion of the wheel with respect to the case is sensed by the pickoff. 
3. SPIN MOTOR BEARING WEAR AND MASS STABILITY 


In the Gyroflex ayroscope, the spin bearings are not located on the inertia whee! 
assembly. The inertia whee! is separated from the eotor by the flexure suspension. 
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It follows that any shift in the posicion of the shaft of the motor, either because of 
preload changes or raceway wear, cannot cause a mass shift of the inertia wheel with 
respect to the flexure suspension. It merely causes a shift of buth wheel and suspension 
an equal distance. Similarly, shifts in the position of either the spin bearing retainers 
or spin bearing luoricant do not affect the Gyroflex gyro performance. Such shifts ina 
conventional gyroscope would direct ly cause a mass shift along the spin axis. 


Another significant reason for the excellent mass stability of the Gyroflex gyro is the 
complete absence of wound components and potting compounds on the inertia wheel. It is 
well known that these components and compounds are somewhat unstable ard do contribute 
to mass shift in conventional gyroscopes because of outgassing, with subsequent weight 
change and migration of materials. 


4. FILL MEDIA 


Since the flexures support the inertia wheel of the Gyroflex gyro, fluid support is 
not required. The fill media is dictated by the requirements of the spin bearing lubricant 
and the thermal time constant. An cptimum pressure of gas is utilized to attain long 
life and to achieve rapid warm-up. Proper design of the inertia wheel and wound components, 
to allow ‘arge clearances, minimizes the effect of the gas. 


Other important performance and reliability advantages of the Gyroflex gyroscope are 
its relative insensitivity to contamination of the gas or the presence of foreign particles, 
except in the spin bearings, and the absence of fluid stratification which frequently is 
&@ problem in floated gyros. 


5. THERMAL SENSITIVITY 


The sources of thermal sensitivity in the Gyroflex gyro are the same cs in conventional 
gyros, except for those associated with the use of floatation fluid. The Gyroflex gyro 
does not use floatation fluid: therefore its thermal sensitivity depends mostly upon the 
thermal characteristics of the metals used in its fabrication. The principal sources of 
thermal sensitivity are pickoff null shift with temperature changes and mass unbalance 
shifts along the spin axis with changes in temperature due to mismatch in linear thermal 
coefficients. These have doth been minimized. 


The absence of floatation fluid permits fast warm-up. With no fluid therma) gradients, . 
the drift rate is constant as soon as the metal parts reach temperature. The part with 
the largest time constant is the inertia whee), because it is suspended on the flexure, 
but ite time constant is only two ainutes. 


6. TEST DATA 


The inertial navigation version (Mod II) of the Gyroflex gyro has been tested at the 
Naval Air Development Center, Johnsville, Pennsylvania, and Holloman Air Porce Base, 
Alamagordo, New Mexico. The results have been excellent. Kearfott has conducted full 
bench and environmental testing on all versions of the Gyroflex gyro on component level, 
and early versions have been flight tested in the LCI systee at Holloman AFB and in the 
GPL Hereflex® system. The component data is included. The LCI system has achieved an 
average in-flight accuracy of better than 1 nautical ajle per hour radial error rate. 
The Gyroflex gyro in the Hereflex aystem maintained its original calibration to within 
0.02°/hr during 550 hours of operation during the flight test progran. 
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7. RATE GODE TEST WETHOD 


Gyroflex gyro drift testing is conducted in the rate mode. In this manner both axes 
can be sonitored simultaneously without the use of expensive two-axis servo tables. In 
the rate mode the signal from the X-pickoff is amplified and demodulated, and applied to 
the torquer, which provides torque about the Y-axis with such a polarity as to drive the 
error signal to null. Ina similar manner, the Y-pickoff is maintained at null by 
amplifying its signal, demodulating, and applying current to the torquer which provides 
torque about the X-axis. These currents fed into the torquers are, therefore, directly 
proportional to the sum of all the torques about the two axes. By monitoring these 
currents on a strip chart recorder, an instantaneous presentation of drift rate is obtained 
(Fig.2). To facilitate random drift calculations and to increase the sensitivity of the 
data, digital data have been taken. A voltage-to-frequency converter converts the d.c. 
signal from the sampling resistors to an output frequency whic> .: proportional to the 
input voltage (f = ke). This frequency is counted by the counter ind the preset counter 
determines the time increment during which the counter counts. When the selected time 
increment expires, the preset counter commands the printer to print the count accumulated 
on the counter. This digital] readout is proportional to the time integral of instantaneous 
drift rate for the particular time increment. A typical time for the selected time 
increment has been 2 minutes and typical times for the length of the run have been 2 and 
3 hours (Fig.3). 


8. RANDOM DRIFT 


Drift is measured in a rate-capture mode over a three-hour period in a 150°F ambient 
temperature. Drift is recorded both with the spin axis vertical (SAV) and spin axis 
horizontal (SAH). Random drift is computed by dividing the drift run into two-minute 
time intervals and averaging each two-minute interval. These averages are then used to 
calculate a lo-value of random drift. Test results are depicted in Figures 4 and 5. 


9. DAY-TO-DAY DRIFT 


Typical day-to-day performance is depicted in Figure 6. Each date point represents 
the drift level after shutdown and cool down to +78°F. Prior to this series of tests, 
the gyro was subjected to a complete environmental] test progran. 


10. SERVO MODE DATA 


Typical servo mode random drift and torquer scale factor linearity data are shown in 
Figure 7. 


11, ENVIRONMENTAL TESTING 


11.1) Shock 


A gyro was subjected to eighteen, 30 g, 11 millisecond, non-operating shocks, Three 
shocks were applied along each of six axes. Performance before and after shocks repeated 
within test equipment accuracy. 
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11.2 Vibration 


A gyro was vibrated to the full ASN-57-Gyrocompass Attitude Reference System (GARS) 
Curve 4 applied to the vibration isolator, sweeping 
from 10-500-10 c/s at a rate of 1 octave/min; the natural frequency of the isolator was 
29 c/s, 


Drift was measured during vibration and was calculated by integrating over time 
intervals of one minute. 


equiprent accuracy. 


vibration specification, MIL E 5400. 


Performance before and after vibrat ion repeated within test 
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THE ROTOR-VIBRAGYRO 


E. Mihlenfeid 


Rotor-Vibragyro is anothe: word for the rotating, two-axis vibragyro, under developmeat 
elsewhere under the trademarks “Vibrarotor-Gyroscope” or “Oscillogyro”. This gyro is 
considered as a rate gyro, but the following will be equaliy valid for a rotor-vibragyro 
with low damping which, for platform stabilisation purposes, may be regarded as a free gyro. 


Figure 1 helps to explain the principle of its operation. A motor is rigidly mounted 
on the aircraft or platform. One end cf its shaft carries a bearing, which allows a 
resonator to oscillate about an axis perper. ular to the motor axis. Consider a mass 
positioned above the motor axis and mov.ng ba..iwards with velocity vy due to the rota- 
tion. If the vehicle rotates abou. vhe vertica! y-axis, a Coriolis force F, is generated, 
in a direction to the right, perpendicular to botr the rate and velocity vectors. When 3 
the mass under consideration 1s be!ow the motor ayis, the velocity vector, and consequently i : 
the Coriolis force, have changed direction. Th? resonator is thus excited by a torque : 
which is alternating with rotatioral frequency mw. The centrifugal force generates a 
restoring torque. Rotation about the x-axis excites the resonator with a phase shift of 
90° and can thus also be measrred, 


The basic difference between conventional rate gyros and the Rotor-Vibragyro, from the 
viewpoint of communication engineering, is now illustrated. 


If an aircraft or other vehicle is rotating with angular velocity ©, a gyroscopic 
reaction moment M acts on a rotor, spinning about an axis, which is forced to follow 
the motion of the vehicle (Fig.2). In conventional rate gyros this moment is transferred 
to the gimbal frame by radial forces, exerted by the rotor shaft on its bearings, thus 
rotating the gimbal frame about an angle against the restraining spring. The bearings, 
being 2 link of the transmission channel, add their noise to the signal. The need for low- 
noise bearings involves high manufacturing costs and limits operating life. 


The inherent noise has led to attempts to avoid bearings altogether, resulting in the 
tuning fork and other vibragyros. As the difficulties encountered by vibrating masses op 
a straight line are numerous, the rotor-vibragyro, like conventional gyros, moves masses 
on a circular path but removes the indispensable bearings from the transmission channel 
of the signal. The gyroscopic reaction moment is converted into an angular deflection #@ 
of a part of the rotor, called the resonator (Fig.2). This oscillating deflection relative 
to the rest of the rotor is converted into a signal, which can be matched to a suitable 
channel to transfer the signal from the rotor to the aircraft body. An electrical signal 
is exposed to disturbing fields in the transducer as well as in the transfer channel and . 
thus requires careful shielding. Therefore an optical pick-up was chosen and the pick-up 
of the first experimental model is shown in Fig.3. The rotor, the outline of which is 
given by the broken line, is mounted on the shaft of a motor fixed in the vehicle. The 
rotor carries three mirrors, one of which is attached to the bar-shaped resonator, and 
torsional vibrations of this bar about an axis perpendicular to the rotor axis are to be 
measured, All other parts of Figure 3 are fixed in the vehicle. A square light source 
is projected onto a pattern, the beam of light being reflected by three mirrors. For the 
time being we assume the resonator to be fixed within the rotor. Due to the reflection at 
the rotating, slanting mirror, the square image will move round the rotor axis in the 
plane of rotation, as long as the resonator is in the beam. A deflection of the resonator 
will now shift the path of the square image either up or dom. By passing through the 
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inclined slot of the pattern, the image causes the photocell behind the pattern to produce 
an electrical pulse, which occurs at a time depending on the inclination of the resonator. 


We want to be sure of measuring the inclination of the resonator relative to the rotor 
and do not want the signal to be affected by displacements of the rotor axis within its 
bearings. A similar pick-up on the left side of Figure 3, with a sensing mirror attached 
to the rotor instead of the resonator, produces electrical pulses which are shifted by 
linear or angular displacements of the rotor axis in the same way as the signal pulses of 
the resonator pick-up. The distance between the two remains constant ana is readily 
measured digitally. 


The first experimental model using this optical pick-up had an operating threshold of 
0.05°/h. This is the root mean square value of the fluctuations of successive zero-signal 
readings. The fluctuations recorded during several hours had an r.m.s. value of 0.1°/h. 
As no additional damping was provided, the time constant of the gyro was 23 sec. It should 
be mentioned that the rotor was rotating at 1500 rev/min only, in the bearings of a $15 
motor, to the shaft of which it was mounted. All parts of the gyro were manufactured with 
low-precision tools. The resonator was suspended by one flat spring on each side of the 
resonator bar. As the respective planes of these springs were orthogonal, they combined 
high flexural stiffness with low torsional stiffness. The latter is required to match the 
natural frequency of the resonator to the low excitation frequency, which is equal te tie 
frequency of rotation. 


The comparatively long optical paths in the pick-up system, just described, limit the 
miniaturisation of the gyro. In order to reduce its size and at the same time improve the 
performance of the pick-up, we have to sample the inclination of the resonator not ac two 
points of a revolution only, as before, but cuntinuously, if possible, toe increase the 
information rate. This consideration has led to a different optical concept. 


There are no objections to a resonator jin the shape ot a cylindrical ring (Fig.4), which 
can oscillate about one of its diameters. Slots with an inclination of 45° are cut into 
the lateral area of the cylindrical ring. The light of a bulk, or other light source, in 
the centre of this ring passes through these slots onto a phnto-transistor, which, due to 
the rotating of the ring, generates electrical pulses, the phase of which is modulated by 
the oscillating movement of the ring. To eliminate quasti-stat:ona:y uispiacements of the 
rotor axis, we rigidly attach a second ring to the rotor, monitored by a photo-transistor, 
and use the distance of the pulses from the two transistors for subsequent processing, 
which has to take the sign of the pulse distance ‘nt» account, i.e. gaich pulse occurs ‘ 
first. There are no lenses or mirrors in the pick-up; all that is requived is a light 
source, two photo-transistors and some electronics, 


The pick-up worked well, but the gyro as a whole did not, and could not improve on 0.3°/h, 
To find out why ovr first gyro was nearly t.n t’mes bette’, we wus. loox ac the differential 
equation of the oscillations of the resonator. Time does not permit derivation of this equa- 
tion here, but the assumptions made are that the inclination #® of the resonator is linearly, 
and only, dependent on the rate of rotation. 


It is assumed that the resonator oscillates about a torsional axis passing throug. its 
centre of gravity; otherwise the gyro becomes sensitive to linear acce‘eratiunc and, for a 
given eccentricity, this sensitivity is equal to that of conventional rate gyros. Further 
conditions are (i) the inclination # must be small, i.e., 


oO <1, (4) 


(ii) the three components of the rate vector must be small and of second order as compared 
to the rotation wo, i.e, 


nF OR Ge, [n,Q] << a , (2) 
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and (iii) the component as in the direction of the rotor axis must be small and of first 
order compared to the rotation w and damping coefficient (, i.e., 


IN| << w, &. (3) 


Then the differential equation is 


C-B A~B+C : A-Bt+C . 
$+ 266 + E + ala = | wo, - 6, | cos wt ‘| wo, + A, sinwt. (4) 
A A A 


A. B and C are the principal moments of inertia of the resonator and «, is the natural 
frequency of the non-rotating resonator; w, is determined by the spring restraint in the 
resonator suspension only. There are two periodic excitations with rotation frequency w, 
and the resonator is tuned by making the coefficient of # equal «*. It is not possible 
to make C-B=A, (C-B)/A=1, to eliminate the need for w, completely and thus 
provide automatic tuning for all rotational frequencies. However, for a resonator, which 
is flat in the direction of the rotor axis, 











C-B2A (5) 


and w, is only small. To reduce the dependence on the rotational frequency, the resonator 
should be as flat as possible. 


We may forget angular accelerations in (4) if 


=| 
Q, 


Then, using the approximation (5), the differential Equation (4) reduces to 


<< w, (6) 








at 
2, 





$+ 286+ ah = 20(N, coswt +2, sinwt) , (7) 
with the stationary solution 


ace 
«iB 


é (Q, sinwt -2, cos wt) . (8) 


There are two oscillaticns, with a mutual phase shift of 90°, each of which is determined 
by a different component of the angular velocity vector. As the two oscillations are 
easily separated by phase-sensitive detection, the Rotor-Vibragyro is a two-axis rate gyro. 


The conditions specified do not differ from those commonly used in the theory of con- 
ventional rate gyros. For the latter we have to replace the rotational frequency w in (2) 
by the natural frequency w, of rotor and gimbal frame about the output axis, and in (3) 
we have to replace £ by the ratio wi/w. Both £ and wi/m Limit |Q,| and, as both 
are the reciprocal of the respective sensitivities (cf. Equation (8)), one cannot increase 
these limits without decreasing the sensitivities by the same amount in either case. 


The conditions are equal for both types of rate gyros, but are they always satisfied? 
Operated under normal conditions, as a rate gyro with sufficient damping, a Rotor-Vibragyro, 
with resonator suspended in its centre of gravity, can only be disturbed by torsional 
oscillations of the rotor shaft about one of its diameters. These cause angular accelera- 
tions, which do not satisfy condition (6). In the presence of such vibrations we cannot 


neglect the acceleration terms and have to use Equation (4). For simplicity we consider 
inputs about one axis only. 


Torsional oscillations are composed of periodic functions 


Nya) = Oe cosat, AG) = - SMa) sina , 
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Fourier components, which are to be considered as the input of the gyro. Because of the 
factors sinwt and cos wt they excite the resonator with frequencies @+w and ®@-w, 
As we have tuned to w, only vibrations with frequency @ = 2w become effective. By 
inserting (9) into (4), it can be seen that the effect of the velocity term is opposed to 
that of the acceleration term, reducing the unwanted output more and more as the principal 
moment of inertia A approaches C-B. We thus find a flat resonator to be desirable, 

not only to become more independent of rotational frequency but to reduce the effect of 
torsional vibrations as well. 


This explains why the first Rotor-Vibragyro, with a resonator consisting essentially of 
a flat mirror, yielded a lower operating threshold than the second one, which used a 
cylinder extending 5 mm in the direction of the rotor axis. The sensitivity to torsional 
vibrations appears to be responsible for the operational threshold of both Rotor-Vibragyros. 


Our current investigations are aimed not only at a reduction of these disturbances by 
flattening the resonator, but at their elimination by the use of two resonators, which are 
allowed to oscillate about two mutually perpendicular axes (Fig.5), both of which are per- 
pendicular to the rotor axis. The two resonators are subjected to the same input rates, 
torsional vibrations as well as steady rates of tum. Calculations show that steady 
rates near zero frequency and rates oscillating with frequency 2w are treated differently 
by the two resonators and a rough explanation of this is as follows. Torsional vibrations 
of frequency 2w about a definite input axis cause the input rate to be a sinusoidal 
function of the rotor position with a fixed phase. This function has its maxima, for 
instance, at two fixed angular positions of the rotor, 180° apart from each other. in 
: such a rotor position, the two resonator axes are at different angles to the input axis, 

é thus receiving a different share of the input. On the other hand, the oscillations of the 

: resonators due to steady rotations show a phase shift of 90° only, their amplitudes being 
equal. Calculations show that the amplitude of one of the resonators is proportional to 
the sum of steady and vibrational rates, while the amplitude of the other one is propor- 
tional to the difference of the two rates. This allows us to eliminate the torsional 
vibrations and retain the rates of rotation near zero frequency, which we intend to 
measure. 


eae 


Experiments prove that the use of two resonators reduces the effect of rotational vibra- 
tion of the rotor axis, and thus reduces the noise level of the Rotor-Vibragyro considerably. 
Reduction by a factor of 6 has been attained, with inadequate compensation, and this will 
be impreved in the near future. 


It may be concluded that the Rotor-Vibragyro is much less expensive than conventional 
gyros of comparable performance, because it does not require precision bearings for its : 
rotating parts. 


The concept of the Rotor-Vibragyro involves two points which are typical of this gyro: 


(1) For transferring the signal from the rotor to the vehicle, two different optical | 
pick-up systems have been described. 


; (ii) To eliminate the effect of torsional vibration of the rotor axis, causing a randow 


drift of less than 0.3°/h with very poor bearings, the use of two crossed resonators | 
has proved effective. | 


To improve mechanical and thermal stability it now is necessary to integrate the expert- 


ence of the industry in the field of gyro technology into the development of the Rotor- 
Vibragyro. 
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THE OSCILLOGYRO 


R. Whalley and D.W. Alford 


1. INTRODUCTION 


The paper describes a new type of gyroscope suitable for stabilising a platform in an 
inertial navigation system or for use as a heading reference. The main feature of the 
instrument is its inherent simniinsty, which promises low cost manufacture coupled with 
high reliability. In its simplest form the gyro consists of a bar supported at its centre 
on a Single-degree-of-freedom elastic hinge (Fig.1). The bar and hinge assembly are fixed 
to a motor shaft which is rotated at an accurately controlled speed. A rigorous dynamic 
analysis of the instrument has bee published previously (see Reference’1). In this paper 
the operation of the instrument is described, using simplified mechanical concepts. 


2. DESCRIPTION OF OPERATION 


The simplest way of visualising the behaviour of the bar is to consider it in terms of 


two well known dynamic effects; firstly, dynamic unbalance and, secondly, the gyroscopic 
torques. 


It is convenient to consider the bar as a system of point masses joined with a weightless 
rod (Fig.2). Consider the ber initially at some angle not perpendiculer to the spin axis. 
As the driving shaft begins to rctate there will be a powerful torque caused by the centri- 
fugal force acting on the masses. This will cause the masses on the bar to swing out until 
each mass lies in the same plane of rotation. It will be seen that in this position the 


centrifugal forces act along the axis of the bar and the bar wil! continue to rotate in 
one plane. 


Consider now the bar spinning in this configuration. If the driving shaft is displaced 
through a amall angle. gyroscopic forces wil} cause the ber to tend to continue to rotate 
in a fixed plane independently of the novements of the driving shaft. The elastic hinge 
will introduce a torque which will cause an unwanted precession. There is, however, & 
negative stiffness effect which arises from the dynamics of the system and which is propor- 
tional to the square of the rotation speed. The basic principle of the instrument is to 
arrange the rotation speed and the geometry of the bar so that the dynamic torque ezectly 
cancels the spring torque. The behavicur of the bar will thon approziaete to that of a 
freely supported gyroscope with no restraints. The nature of this dynamic negative etiff- 
ness torque can be understood from Figure 3. It will be noted that the representation of 


the bar by point massea has been extended to include the nase distributed slong the spin 
exis. 


Let the driving shaft be tilted through a spall angle a. This #i]] introduce a cyclic 
component of rotation about the X-asin of the bar with sexzinum value 


Ws = Nsina. 


Velocity of masses distributed along Z-axis. 


Vox 2a. 
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Coriolis acceleration, 
BOON = 07424, 


Dynamic torque about Y-axis, 
Qy = 2M(297Z2x) = aMZ?N%e . 


Spring torque about Y-axis due to elastic suspension, 
Qs = - KX. 


Summing torques, 
Kx = 4nz?0?x , 


which gives the tuned condition when 


The plane in which the bar is rotating can be precessed by applying a torque about a 
perpendicular axis, as with a normal gyroscope. In practice an impulse of torque is applied 
to the bar a quarter of a revolution before the axis of precession is reached. 


We have discussed the torque arising from the elastic hinge when the driving shaft is 
misaligned and the dynamic torque which compensates this. There is, however, another torque 
which arises from the damping forces. When the bar is rotating in a fixed plane and the 
driving shaft is misaligned by a small angle (X), the bar will appear to oscillate on its 
hinge +2 in one revolution relative to the fork and the other rotating parts of the instru- 
ment. This motion introduces a damping torque mainly due to windage which will precessa the 
gyro about the axis of misalignaent and in a direction to reduce the misalignment to rero. 
It will be noted that a similar effect appears in all free rotor gyros when the driving 
shaft is aisaligned. The gyro is precessed by the damping forcea at a rate proportional to 
the misalignment and the misalignaent is reduced exponentially with time. The damping 
torque represents an unwanted disturbance of the gyro and. in the case of the Oscillogyro, 
it is reduced to a very small level by sounting the bar in a rotating container which is 
sealed and evacuated. 


it is important to realise that, in adopting a single-degree-of- freedom suspension, the 
ability of the gyre to control a platform about two axes has not been lost. Pick-offs can 
be arranged in tw pairs to measure the proximity of the bar to a reference plane on the 
instrument in each of four quadrants. In this way one pair of pick-offs will eeasure 
displacement of the gyro about one axis and. a quarter of a revolution later, the other 
pair ill seasure the displacement about an axis at right angles. The instrument can be 
regarded as a tec-degree-vuf-freedom gyro working on a tise-sharing basis. 


The advantages of the Oscillogyre can now be considered. The sensitive sass ix in- 
herently sieple and this minimises instability of the aass tnbelance torques. There is, 
for exemple. an obvious advantage. compared vith sore conventional instruments. in having 
the rotor bearings (vith their possibilities of aass shifts due to wear) outside the 
sensitive eass. then the gyro is used in the spin axis vertical configuration. it will 
be seen that there can be ne drift due to unbalance since the unbalance vector ix rotetiag 
with the rotor, end drift (relative to a fized frame of reference) is commutated to zero. 
It will be seen. similarly. that e bias torque from the suspension system cannot cause 
drift about fixed axes. Frum the cost poiat of view the sein advantage is the inherent 
Simplicity of the instrument, the elastic hinge is simple and cheep to aanufecture ond 
there is no requirement for extreme cleanliness. The dynamic compensation for spring 
stiffess allows the use of e@ very robust elastic suspension without introductag excessive 
demands on the servo follow-up systes. 











Saicge 2 ac er oats eS a a i eae ala A 


ORR TM 8 POR 


423 


The sensitive element has been described in terms of a bar and it is important to look 
briefly at the ressons for this, i.e., the factors which control] the sbape of the sensitive 
mass. When the gyro is running at its correct speed the torque arising from the spring 
stiffness due to a small misalignment (such ag an error in the platform servo) will be 
exactly compensated fur by the dynamic torque. However, if there is an error in speed (or 
in the stiffness of the hinge) there will be an unwanted torque which will cause drift. 

It will be seen that there is en advantage in minimising this by keeping the uncompensaied 
suspension stiffness as low as possible consistent with adequate shock capability of the 
suspension. The tuning equation 





a a 
4Mz? 


shows that, for K to be kept small, either the speed or the axially distributed mass 

HZ? ust be minimised. There are good reasons for running any design of gyroscope ct as 
high a spin speed as possible (for example, to maintain a good ratio of angular somentus 
to mass), and with the Oscillogyro there is the added requirement that the rotation speed 
must be kept sufficiently high to provide a good servo performance. Now this aeans that 
the Mz? term should be minimised and in practical designs the sensitive zass tends to have 
the characteristic shape of a var with a large ratio of diameter to thickness. 


At this point it is perhaps appropr_ate to consider the similarity of the Oscillogyro 
with the tuned Hooke's joint clastic hinge gyro. The gimbal of the Hooke’s joint gyro can 
be regarded in the same way as the bar of the Oscillogyro in tuning out the spring torques. 
This hes been emphasised in Figure 4, where a rotor has been added around the ber, which is 
partly decoupled from the bar by @ second elastic hinge systen. 


At the risk of over-sinplificaticn it can be said that the angular norentua has been 
increased by the addition of the ring without significantly increasing the dynemic torque - 
since the ring will have virtually no angular velocity about the X-axis. ‘The tuned speed i: 
will therefore depend largely. as before, on the dimensions of the ber and the stiffness 
of the hinge. However, for a given speed uw’ servo orror, there will be a lower drift 
rate, simply because the angular somentum has teen increased. 


We can ave in a general way that the Hooke's joint suspension vill ellow gyruscopes to 
be designed with a lower drift rate for a given speed and servo error, but with this there 
will be a reduction in shock loading capability. 


In our experience the requiresent for a good servo performance is set as guch by the 4 
daaping torques as by the errovs in tuning. The advantage of simplicity in the use of a ‘ 
Single Dearing. we believe, may outweigh the theoretical advantages of the Lwo-degree-of- 
freedom approach. it may well Le that the features of the ten-degree-of- freedom Hooke’ s 
Joint design can best be exploited in low acceloration applications. 


3. TH" PRACTICAL INSTRUMENT 


Pigure 5 shows the wain functional parts of one fore of Oscillugyro. the instrusent has 
been designed with ease of servicing in ming and it can be disassembled into three asain sub- 
asevedlies. the drive wotor, the sealed oscillobar container and the resolver and pre- 
wplifier asseably. The drive sotor is a hysteresis type and is driven from a constakt 
frequency supply to provide a constant speed drive. This is secessary to saintain the tuned 
condition and aleo to provide aufficient eccuracy of precession by the tcrque aotor. the 
oscillobar is mounted on a cross-leaf elastic suspension. It is talanced and tuned and the 


- Container is then sealed and evacuated. 


The pick-offs and torque ectors are both electrostatic devices. The pich-offe form s 
capacitance bridge circuit operatiag at 200 kfiz. Insulated plates are sowmted on the rota- 
tiag container oo that there is a mall gap between the plates and the oscillober. Four 
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plates are used, one pair at each end of the bar. These plates are connected to insulated 
forks outside the sealed container which form the rotating member of a capacity resolver. 
The stationary member of the resolver is divided into segments which are connected to 
pick-off and torque motor circuits. As the container rotates, the insulated plates each 
side of the bar are capacitatively coupled in turn to the torque motor circuit and to the 
pick-off circuit, first foi one channel and then for the other. 


The capacitative pick-off has a high source impedance and a pre-amplifier is necessary 
close to the pick-off. Ja this de3ign the pre-amplifier is constructed using field effect 
transistors and it is mounted sn the resolver stator. 


The rotating plates are coupled to the pick-off circuit twice per revolution. The output 
of the pick-off consi«:s, therefore, of a train of pulses which are, in effect, envelopes 
of a.c. at the pick-off excitation frequency. the amplitudes of which represent the input 
angle, i.e., the angular movement of wi:e gyr:. case. The two axes can be brought out on one 
line through one head ampliit:.-: or, alternatively, on separate lines (see Figure 6). 


These pulses have to be rectified in a phase-sensitive rectifier and then passed through 
@ sample-and-hold circuit before being used to operate the platfcrm servos. The function 
of the sample-and-hold circuit is to average the level of the pulse and to hold it as an 
error input to the servo until the next pulse presents itself. The time between successive 
pulses represents a lag in the servo loop, but this is less than 4 ms for rotation speeds 
in excess of 8000 rev/min and does not create a serious problem in the design of the plat- 
form servos, 


4. CONCLUSIONS 


The Oscillogyro belongs to the new family of tuned elastically supported gyroscopes, 
several examples c* which are currently under development at different research centres. 
The approach offers an inherent immunity from a number of the error sources which affect 
more conventionul gyroscopes, together with a basic simplicity of construction. It promises 
low cost msaufacture coupled with high reliability. 
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Fig.2 Illustrating motion of bar 
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Fig.4 Illustrating similarity to Hooke’s joint gyro 
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Assembled Instrument 





Fig.5 Sub-assembly breakdown of experimental prototype 
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Pig.6 Schematic of pick-off outputs 
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SUMMARY 


The PIPA (Pulsed Integrating Pendulous Accelerometer) ::‘sed in The Apollo Inertial 
Measurement Unit is a moderate cost, high performance single-degree-of-freedom, specific 
force integrating receiver, operating closed loop as a torque restrained pendulus. The 
instrument is one of a class of floated inertial components, consisting of a pendulous 
float magnetically suspended in a viscous fluid, signal generator and ‘orque generator 
sicrosyns, and associated electronics end calibration sodules. 


The paper examines in detail the theory, fabrication, and operation of the instrument. 
The float dynamics of a binary (two-state) torquing loop are derived and the results of 
@ digital simulation relating the design parameters to the oscillatory mode and response 
of the instrument are presented. 


The stability of the electromagnetic torquing circuit is shown to be one of the primary 
limitations of the present instrument design, and the factors that affect this stability 
are examined. Other areas discussed include: torque errors resulting from fluid 
impurities, floatation problems, failure sodes, and power requirements. 


The paper concludes with a summary of present performance capabilities and recommenda- 
tions for improvement. Suggested changes would substantially iaprove the present per- 
formance and sake the instrument suitable for longer and more demanding missions. 
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THE PIPA 
(PULSED INTEGRATING PENDULOUS ACCELEROMETER) 


George J. Bukow 


1. INTRODUCTION 


The PIPA (Pulsed Integrating Pendulous Accelerometer) used in the Apollo Inertial 
Measurement Unit is a single-degree-of-freedom specific force integrating receiver, opera- 
ting closed loop as a torque-restrained pendulum. The instrument consists of a pendulous + 
float magnetically suspended in a viscous fluid, signal generator and torque generator 
microsyns, and associated electronics and calibration modules. A schematic diagram of the 
Pulsed Integrating Pendulum (PIP) is show in Figure 1. 


eMedicine of OE 


The pendulous float is a hollow beryllium cylinder with built-in mass unbalance. 
Ferrite rotors are mounted at each end of the float, supporting the magnetic suspension 
and the microsyn functions. The float is surrounded by heavy fluid which provides both a 
buoyant support and viscous damping. 


cia dee 5 Oe 


wo el anor 


An applied specific force along the input axis of the pendu'um causes a rotation about i 
the output axis, This rotation is seased by the signal generatcr and is used as an error 8 
Signal to initiate a response from the torque generator. 


A cutaway view of the complete penduluz is shown in Figure 2. “he pendulous mass is 
shown mounted on the periphery of the float and extends into a emal! groove in the damping 
block. The width of the groove allows maximus rotation of the float of +1° of arc. The 
magnetic suspension stators are positioned opposite the inside portions of the rotors, 
forming part of a coaxial structure with the torque generator on one end, and eith the 
signal generator on the opposite end of the instrument. Four bellows provide volusetric 
compensation of the damping fluid between 10° and 71°C. On the end of the instrument, 
two aligning rings permit accurate positioning on the PIPA’s input axis relative to the 
@ounting surface. The instrument is aligned to the mounting ring before incorporation in 
the inertial measuring unit (1@). 


The overall block diagram, showing the pendulum within its control loop, is show in 
Pigure 3. The signal from the signe] generator is amplified and used as an input to a 
sampler (called the interrogator) which eaaples the signal at discrete tises deternined 
by the guidance computer. If the signal exceeds either the positive or negative threshold 
of the interrogator, a command pulse is sent to the torque generator switch. The seitch, 
io tura, commends the proper polarity current to the torque generator of the instrument, 
tulling out the error signal from the signal generator. 


The switching times are precisely controlled by the switching pulec train, aad the 
torquer current magnitude is controlled by an ultrastable d.c. current loop. Torque is 
applied to the flost in discrete increments, aad for each increnent a pulse is generated 


and sent to the computer, providing a coatinuows sonitoring of the total torque applied 
to the instrument. . 
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2. BASIC PARAMETERS 


2.1 Scale Factor 


The differential equation for the general response of tne pendulous float to input 
accelerations and restraining torques from the torque generator may be written as 


Tho (t) + CAg(t) + KAg(t) = Myg(t) - al ay (t) . (1) 
where 

Ap(t) = angular position of the float relative to its 

é zero or reference position (radians) 

: J = float angular moment of inertia (gm ca’) 
Cc = viscous damping (dyne cm sec/rad) 
K = elastic restroint (dyne cm sec/rad) 
Mrg(t) = torque applied by the torque generator (dynes) 
al = pendulosity (gm ca) 
a,,(t) = acceleration input (cm/sec’) . 


The elastic restraint tera is due to the asymmetries in the suspension and sicroayn 
circuits and is small compared to the magnitude of the applied torque. Thus it may be 
neglected for most considerations. One exception is the calculation to determine the 
ainiuus threshold acceleration of the instrument, covered in Section 2.3. 


Integrating Equation (1), 


: a t t 
Bagtey + cagity =f wygity dt ~ al f° attr at oc. (2) 


The constent term results from the initial conditions and is equal to JA,(0) ¢ CAy(0) . 

Myg(t) is applied incrementally in precisely controlled bits in either the pcaitive or 

negetive direction. For the present, these increments of torque will be assumed equal, ae 
{a both the positive and negative directions, and of magnitude M,, AT: here M,, is 

the average magnitude of the applied torque and AT is the length of tine each increseat 

of torque is applied. Thus the applied torque integral aay be written 


tt wt 
| Myg(t) dt = = £ (MAT) . 
$ 2 


Incorporating these changes into Equation (2). 


: . et t 
JCAg(R) = Ay(O)) * ClAg(t) = Ap(00) = © t (t,t) - al I a,_(t) dt. (3) 
' The left-hand side of Equation (3) represents a change in sowentum stored within the 
; float. Under controlled conditions thin scsentum chenge eay be assuned equal to sers, 
: further sieplifying the equation to 
Ss ¢ dt) zal fie (t) et (4) 
Pm Mie , ote : 
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Equation (4) presents the basic relation between the input acceleration and the applied 
restraining torque. The integrated acceleration, or velocity increment, obtained over 
any given period of time, is equal to n(M,, AT/ml) , where n is the net number of 
torque pulses occuring over that interval of time. The term (M,, AT/ml) is the velocity 
equivalent of one torque pulse and is defined as the scale factor of the instrument, 
having the units of ca/(sec pulse). 


2.2 Binary Operation 


The torquing loop employed with the PIPA is a two-state (or binary) loop, with torque 
applied continuously in either positive or negative directions. Therefore, even vith no é 
input acceleration, current is switched alternately from positive to negative torque 
windings and the float is maintained in a continual state of oscillation. The parameters 
of the instrument determine which state of oscillation, or mode, the float will maintain. 
If ‘m” pulses occur alternately in each direction, an m:m mode is defined to exist. A 
complete derivation and discussion of the dynamic response of the instrument is presented 
in Section 4. 


Under a no-input condition, the equation of equilibrium becomes 
: (uy, OT - MZ, AT) = 0, (8) 


assuming no change in float storage. In general, MM}, # Mig» and the number of positive 
pulses will not equal the number of negative pulses over any given period of tine. 


If no, is the number of positive torque pulses applied during time t and n, is 
the nurber of negative pulses, the following relations say be obtained: 


a, co < o 
a, 
Weg : Mis . ° a * a, (D 
2 © TO on 
2 
Wig - My o B,- 8 
= iy, ebewumnd , (8) 
2 ¢ 2a, 


Dividing Equation (7) hy Equation (8) and cross-eultiplying yields 
(n, - 0, )(e, « Weg) - (n, ¢ 0, (Mp, - We) 2 0. (9) 
Multiplyteg by ST/2al . 


(a, ~ 0,) <1 ar - (a, ¢ 0,) tt 18 ot = 0. (10) 


Equation (10) presents the equilibrium relationship between the scale fector ead the 
bias of the unit under a no-input condition. The term (ui, - #),):\1/aal is siailer to 
the scale factor defined in Section 2.1 and is termed the average scale factor. The 
difterestiel term (Wi, - M2.) At/2al represents the inbslence existing beteven the : 
positive and negative torquers and is defined as the bias. 
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2.3 Minimum Threshold 


The minimum threshold of the instrument may be determined by again referring to 
Equation (1). For very small inputs the motion of the float may be treated as the sum of 
two terms: an oscillator response due to the alternate torquing of the positive and 
negative torquers, and a slow rotation of the float caused by the input acceleration. If 
the float moves far enough from null, one torquer remains on for one pulse length longer 
than normal to return the float to null. 


In steady state, the float motion resulting from one pulse of .orque will be equal to 
(m/C)AT , since all of the energy of the pulse is used to move the float through fluid. 
Thus, the initial excursion of the float required to cause a torquer imbalance of one 
pulse is again (M/C)..T . The torque produced by elastic restraint t, for an excursion 
of (m/c) AT is 


KM 
t, = = AT. qa 
c 


The input acceleration must cause a torque on the float at least equal to t, in order 
to be sensed by the instrument. Thus 


la > = \T 
a rs e 
ia c 4 
WM \T 
(nein © “SP (12) 


3. BESCRIPTION OF OPERATION 


3.2 Magnetic Suspension 


The PIPA wakes use of two quasi-elastic magnetic supports to properly position the 
seutrally buoyant float within the case. A cross-section of the aegnetic structure used 
is show in Figure 4. This figure depicts the unique feature of separated suspension 
and transducer functions using a single coaxial structure. Redial end axial centering is 
produced by action of the suspension magnetic field on the inner surface of the tapered 
rotor. o 


A schesatic of the suspension circuit is shown in Pigure $. The four coils represent 
the effective inductances along the plus-and-sinus X and Y axes. The capacitors are 
mounted in @ potted sodule external to the PIP and provide the proper tuning to effect 
stable aagnetic restoring forces on the rotor. 


The underlying basis for the suspension circuit used aay de siaply stated as 


FP. an (13) 
where 


Ff, = restraining force on the rotor due to « stator 
pole 


‘, = e@agnetic energy in the air gap 


@ = eir-gep leagth . 
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The air-gap energy is 
So 0 2 
¥, = 7 (MMF) > P - (14) 
wiiere 
(MMF) = &ir-gap magnetomctive force 
Pe = air-gap permeance. 
Therefore 
. 4 oP 
F, = ¢(MMF)? —&. (15) 
Rr € ag 


To establish a relationship between the suspension stiffness, or dP, /dg » and the 
circuit parameter requires considerable algebraic manipulation’. The results of the 
derivation are summarized below. Defining the terms 


wo 
a (16) 


Q, 2, (17) 


R 
and 
1+Q@ -@@ 
1(Q) = “a ; (18) 
where 
Q. = the Q of the suspension coil 
Q, = the overall Q of the circuit 
L, = self-inductonce of the coil 
LC = feakage inductance 
C = series capacitance 
R = effective resistance 
and ts = excitation frequency , 
= = aed ra). (39) 
where 
Vo o= terminal voltage 


¢, - centered air-gap valve . 
la order to have a stable restoring for-e, £(Q) sust be negative and Q. sust be 
grestert than zero. A family of curves showing the values of f(Q) as a function of Q 
for different valees of Q, . 18 show ia Figure 6. The saxigun suspension rtiffness 
occurs near (he three-quarter-power point, ebere G@, = 1/3. 
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The normal operating point for the PIPA is the second (inductive) half-power point, 
shown on the curve. This point was chosen to insure @ stable suspension for all possible 
values of g, resulting from axial motion of the float. When the float is not suspended 
it can move to an axial extreme. If the suspeusion is applied at such time, the value of 
g at one end of the instrument will be higher than normal, resulting in a smaller value 
of Q, . This valve of Q, must be kept larger than the minimum value required for 
adequace stiffness. 


3.2 Signal Generator 


Float rotations are sensed by an angle-to-voltage transducer called a signal generator. 
A cross-section view of the signal generator stator and rotor is shown in Figure 7. The 
p.imary coil of the signal generator (SG) is wound in series around each of the eight 
stator poles. The flux paths set up by these poles are typified by the flux paths shown 
in the figure. The SG secondary coils are wound such that the even-numbered poles are in 
phase with ine primary, and the odd-numbered poles are 180° out-of-phase. If the con- 
toured outside diameter of the rotor is perfectly centered and at zero rotation relative 
to the stator (as showr in the figure), the total signal induced in the secondary of the 
SG is zero. If a rotor (float) rotation occurs in either the positive or negative 
direction, a corresponding in-phase or out-of-phase output is obtained across the SG 
secondary, since the reluctance seen by the positive secondary poles is no longer equal 
to that seen by the negative poles. 


The current in the SG primary may be written as ip = I, cos wt . The corresponding 
voltage induced in the secondary is 


d 
Ve(t) = Kgl, x [Ag(t) cos wet] , (20) 


where K, is a proportionality constant resulting from the circuit geometry. Expanding 
Equation (20), 


Vg(t) = KI, (cos wpt)Ag(t) - Kgl Ag(t)w, sin wot . (21) 


The induced secondary voltage is filtered by a tuned second-order filter, as shown in 
Figure 8/a), The output of the filter lags the induced volvage by 90°. If the time of 
interrogation is at t= 0, the filtered rate term, Kgl, cos (wt - 90°) Ap(t) , will 

be crossing through zero and the total instantaneous output will be a function of only 
the float position. The phase relationships of the voltages and currents in the SG circuit 
are shown in Figure 8(b). 


3.3 Torque Generator 


Except for the way the coils are wound, the torque generator (TG) cross-section is 
identical to that of the 8G. The position of the TG coils and resultant flux paths for 
positive torque are shown in Figure 9. Since only one torquer is on at any time, there 
are two minijmum-energy rotor positions, one for positive torque and one for negative 
torque. The rotor always tends to line up at the minimum-energy position opposite the 
working poles. However, the frequency of switching allows only as minute oscillation 
about e center point midway between the minimum energy points. The torque produced is 
proportional to the square of the flux linking the rotor poles and thus is a function of 
the square of the torquer current. 


3.4 Electronics 


A portion of the overall control-loop block diagram detailing the electronics is pre- 
sented in Figure 10. The filtered SG signal is amplified by the preamp and a.c. differ- 
ential amplifier and sent to the interrogator. The interroge*tor utilizes two Schmidt 
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triggers, synchronized by the intcrrogator pulse train from the computer, or system clock, 
to determine the polarity of the signal from the a.c. amplifier. The outputs from the 
Schmidt triggers control the state of two multivibrators, commanding either positive or 
negative torque from the switch. 


The binary current switch controls the direction of the current flow from the current 
source, in accordance with the commands received from the interrogator. A switch pulse 
train synchronizes the switching of the second multivibrator stage in the interrogator 
such that the pulses of current sent through the torque windings are of equal width. 


The current control loop is expanded in Figure 11. The output of the switch is sent 
to the calibration module. This module provides the necessary passive components to make 
the torquer coils of the PIP appear purely resistive, thus controlling switching transients 
and optimizing current stability. Bias adjustment is obtained by use of the resistive 
shunting circuit; and fine padding cf the resistive loads R, . in series with the torque 
windings, allows equalization of the time constants cs and To 

The voltage drop across the scale factor (SF) resistor is compared with a precision 
voltage reference (PVR). The error voltage is amplified by a high-gain d.c. differential 
amplifier and used to control the current magnitude in the loop. 


ss EE 


3.5 Parameter Summary 


Figure 12 summarizes the typical operating parameters for the Apollo PIPA. Values for 
torque constant, torque current, and scale factor are given for the two PIPA configurations 
used, Command Module (CM) and Lunar Module (LM). Different calibration modules are used 
to provide the difference in torque current between the two configurations. 


we OO ay eye leo iets - 


The open-loop power includes that used for the suspension and SG circuits. The closed- 
loop power is the sum of the open-loop power and the power dissipated in the torque 
windings. 


4. DYNAMIC RESPONSE 


It has been shown’ that pulse rebalance loops with nonlinear samplers can be treated 
with describing function techniques to predict the modes of oscillation that will occur ‘ 
for given operating parameters and input conditions. While such methods are helpful as 
general design tools, they do not readily allow adequate definition of the control loop 
to permit accurate analysis of an operating instrument. To obtain the required accuracy 
and definition, a piecewise linear approach was used in the analysis of the PIPA. 


Between any two switching times, and with the assumption of some constant input 
acceleration, the PIPA float motion is easily described by a second-order differential 
equation. Representation of other portions of the control loop by linear transfer functions 
allows the voltage input to the interrogator to be calculated at each sample time. If the 
voltage seen by the interrogator exceeds the threshold voltage, a switching condition 
occurs and the torque reverses direction. The initial conditions may then be updated and 
the process repeated. In this manner the output pulse train of the instrument may be 
obtained, as well as its response to a particular set of initial conditions. : 


For the purpose of this derivation, the buoyant support, augmented by the magnetic 
suspension, is assumed to be infinitely stiff. Small deviations from this condition in 
an actual instrument will not materially affect the conclusions reached. The mathematical ’ 
expressions for the different portions of the loop are presented in the following sections. 
The justification for the m-thematical model derives from the discussion of the PIPA 
operation presented in Sections 1-3. 
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4.1 Equation of Motion 


The basic equation of motion of the float under the assumption of zero input 
acceleration is 


JAg(t) + CAg(t) = M(t). (22) 


The expression for M(t) is 


AT i 
M(t) = M(i pa e7t/7)2 n +M(e7t/7)? (23) 








nT 
where 
7 is the time constant of the torquer current 
M is the maximum torque applied 


n is the number of torque pulses applied 
between switching times 


AT is the length of one pulse of torque. 


For normal operation at the instant of switching, the current in one torquer begins to 
decay to zero while that in the other begins its rise to maximum current. Thus, the total 
torque applied from time zero (the switching time) until the next instant of switching is 


IM(t)}eotay = MCL - e7*/7)? - (e™t/7)?, (24) 


where the rise times in the two current loops are assumed equal and M* = M™ . Simplifying, 
M(t) = M(1 -2e°*/7) . (25) 
Substituting in Equation (22), 


JAg(t) + CAg(t) = M(1 - 2e°°/7) . (26) 


(a) Initial Conditions 


Before solving for the equation of motion, a possible set of initial conditions must 
be established. For a PIPA operating in at least a 2:2 mode (minimum of two pulses in 
each direction under no input conditions) the float time constant, J/C , is small enough 
so that the velocity of the float at any switching time may be equated to M/C in 
magnitude. The initial position, Ap (0) » may be chosen to be at a point farther away 
from null than the minimum threshold angle that can be detectec by the interrogator. 


(b) Solution 


Solving Equation (26) and eliminating second-order terms yields 


N 23 er ct/s 
Ap(t) = - |[t -ar-—(1-————]] + A,(0) . 27 
t c c 1-7C/3 r( an 


4.2 Signal Generator 


Equation (21) defined the signal generator output as 


Va(t) = -KgIpAp(t) sin at , (28) 
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assuming the rate term is equal to zero. Substituting Equation (27) into Equation (28), 


V(t) K,I : t-2 2 ( a + A a si t (29) 
= - - -2T- il-weo#e-_,_— nw . 
a BP ic “y= er/J f i 


The tuned filter at the output of the SG has a transfer function 


(1/L,C,) 


P(e) = Sty (R/L,)s + GL,C,) | 


(30) 


4.3 Total Equation 


Combining Equations (29) and (30), and incorporating a gain factor to account for the 
amplification in the loop, the following relation is obtained: 


Vv, (8) = GV, (8) F(8) ; (31) 
where 


V,(s) is the Laplace transform of the input 
to the interrogator 


G is the amplifier gain product 


V,(8) is the Laplace transform of V,(t) . 


The solution to Equation (31) is presented in the Appendix. For the purpose of the 
present discussion the solution can be simplified to 





D {+ CAp(0) - 27M - (2MJ/C) 2MF 2 
V(t) = - af sin (wot + 90°) - ——? cos (a t + tan”! a,/u) + 
c Fr, Fi 
Mt sin (wt + 90°) 
+ rt + ew ' (32) 
1 


where the new terms introduced are defined as 


D = constant multiplier resulting from fixed 
parameters in the loop 


F,. F, = constants derived from the 8G secondary 
circuit parameters and the excitation frequency 
_ total resistance in 8G secondary circuit 
%o : 2 80 secondary inductence 
E(t) = exponential terme in the equation. 


The Apollo PIPA typically modes 2:2 or higher and, under these conditions, the expon~ 
ential terms are negligible and will be omitted in the following discussion. Purtherwore, 
if the time of interrogation is the same as the tiee of switching, t = 2nn/w, , the 
value of V(t) must be equal to or greater than the ainisun threshold voltage of the 
interrogator, V,, for the given value of nm, if switching is to occur. Thus, the 
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requirement for switching may be expressed as: 


Da] Cc 23 (oF, 24 2mn 
Vo © = [+ = Ap(0) - 27 ~— - —* cos (wt + tan™’ O,/u,) +——| . (33) 
CF, | c OF, Wy 


Further simplifying, 


B, B, B, 
—_—_—__ —_—_ 
0 < -c/M VoF A, (0) ers ar a2 cos *o (34) 
on —< = ee a eee —— i 
D . c jo, F, (ag + wt) 


Fquation (34) defines the dynamic response of the PIPA. B, represents the angle through 
which the float must move in order for a switching condition to occur. Both components of 
B, areof the same sign, since A,(0) is always negative relative to the direction of 
motion. for high values of C , B, predominates in the equation. B, represents the 
inertia effects due to reversing the eomentun of the float. This term is the dominant 
factor in the equation for low values of C. 


B, is the driving term, having to overcome the position and inertia terms. The 
magnitude of B, varies directly with n , the number of torque pulses applied in a given 
direction. The “-27" is present to account for the effect of the time constant in the 
torque current ioop. The sinusoidal component represents an information lag due to the 
SG filter. 


The interplay between the above teras determines the mode which will exist in a parti- 
cular configuration and the response of tle instrument to a given set of circumstances. 
The presence of an input scceleration modulates the driving term B, and results in an 
unbalanced pulse sequence, counteracting the acceleration input. 


A further examination of Equation (34) indicates that, for a PIPA operating in a given 
test configuration, the only terzs subject to variation in the equation are A,(0) and 
B. A,(0) will vary es a function of the interrogator sampling and the input acceleration. 
With no input, and with optinum samp) ing, A,(0) will be a sinimua, and a minieun value 
of a will occur. 


The minimum value of n can be shown to vary as a function of C by graphing the 
terms in Equation (34), with A,(0) equal to a einisus. In Pigure 13, C is plotted as 
the abcissa and the teres B,. B,. and 8B, are plotted in absolute value along the 
ordinate. Dimensionally, each of the ordinate terme has the units of tine. 


B, 18 positive for m= 1 and is constant for any given value of n. The plot of 
B, thus appears as horizontal lines, differing in ordinate value by 27An/w, seconds. 
B, and 8, appear as linear and hyperbolic plots, respectively. 


In order for a suitchirg condition to occur, Equation (34) aust be positive. Thus, the 
ainisue value of n for which switching will occur is the epallest value of o for which 
8, is greater than the sum of B, +8, (stom an a dashed line in Pigure 13). For all 
C values, 8, <2(8, +8,). for n= 2, and a 2:2 mode cannot exist. A 3:3 mode does 
exist for both C, and C, since, for these values of C. (8,),., >2(B, + 8,). 


It should be noted that the highest ode that will ectually exist will be dependent on 
the saxigun variation peraivsible in A,(0) . (4 4,(0)),,, bas a limiting value of 
(W/C)AT , the steady-atate distance the flost will travel due to one torque pulse. In an 
operating instrument {(A;(0)].., is somewhat smaller than the lisiting value, and the 
mazinum variation in a will be less than one. Por C=C, in Figure 13, the permissibie 
range of Ap(0) allows the sum of B, +8, to be greater than (8,),,, . requiring the 
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occurrence of a 4:4 mode. Thus, for operation at C = Ci. both 3:3 und 4:4 modes will 


exist. For C=C, (B,),,, 18 always greater than the sum of B, +B, and only the 
3:3 mode exists. 


4.4 Computer Simulation Results 


The complete form of Equation (34) (Equation (A3) in the Appendix) was programmed on 
an IBM 360 computer and used to determine the average moding of the PIPA as a function of 
cC,J, and M. The results are presented in Piguree 14-16. 


The curve obtained for varying C in Figure 14 basically resembles the sum of teras 
B, + B, shown in Figure 13. In the case of the actual unit parameters, the 23/C decay 
Closely approximated the rise of the linear function of € in the region near intercept, 
resulting in a marked flattening of the curve. 





Figure 15 shows that the PIPA average mode increases 1s J increases. Increasing J 
amplifies the inertia effects and increases the tise required for the float to traverse 
the angle between interrogator thresholds, resulting in a higher mode. 


A plot of average mode es a function of M is shown in Figure 16. Por small values of 
M. B, in Equation (34) becomes large relative to tre distance the float travels due to 
one torque pulse, causing the modin; to increase. For large values of WN, B, is 
negligible compared to B, and B, . anj av essentially constant mode is obtained, in- 
dependent of N. 


Figures 17 and 18 show the computer-predicted response of the PIPA to a square wave 3 
input over a wide frequency range. The input was purposely unbalanced so that a net 
input would result. In this way a required number of AV's (restoring pulses) to be 2 
expected from a perfect accelerometer could be calculated and compared with the output : 
predicted by the computer. 









Figure 17 shows the ccaputed outputs for a Ct PIPA to be within leas than 1% of the 
actual input, up to a frequency of 1300 Hz. Figure 18 shows sipilar results for a Li 
PIPA. These results are not surprising when it is recalled that en implicit assumption 
in the design of the PIPA is that the float acts as a perfect integrator. Figures 17 and 
18 bear out that assumption. 


5S. OPERATIONAL INSTABILITIES 









There are three parameters of importance in determining the stability and performance 
of the PIPA: scale factor, bias, and input-axis position. 


8.1 Seale Factor and Sias Equations 
The scale factor, as defined in Section 2, was given as 


(wo M)AT 


SF i: 
2a! 


(38) 


The torque & produced by the torque generator may be written in terwe of the sicroaya 
peruneters as 





Mo: Nrdul?h/g, . (38) * 
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where 


M is the electromagnetic torque applied in either 
the positive or negative direction 


N is the number of turns per coil pair 
r is the outside radius of the rotor 
d is the effective length of the rotor 
I is the torque current 

vm is the permeability of free space 

&, is the nominal air gap 


k is s correction factor to account for core 
losses in the iron. 


The product, N’rd, may be equated to some constant, K, . and Equation (36) substituted 
into Equation (35) to give 
K,VAT(k” +k) 
ee EEEEenenenmeememnetitl (37) 
alg, 


The correction terms k° and k” , referring to the positive and negative torquing 
directions, will in general not be equal, since the magnetic states of the iron in the 
two torquer flux paths will normally differ. In order to be completely general, the AT 
term should indicate the effects of different time constants in the torquer compensation 
circuits and possible inequalities in the switching characteristics of the output tran- 
sistors in the binary current switch. For the purpose of the present discussion it is 
assumed that these teras have been edequately compensated such that a nominal value of 
OT can be used for both positive and negative torquing. 


The bias expreesion corresponding to the expression for scale factor shown in Equation 


(37) is 
KOT] eg 
ae) rl (38) 


Tae afr gaps in general vil) not be equal, and thus g° and g” represent the 
effective air gepa for positive and negative torquing respectively. Equation (38) is 
eritten ascuming that the bias compensation network, shown in Pigure 11, is open. The 
addition of this circuit will predictably alter the discussion presented here and, for 
clarity, it is omitted. 





8.2 Variation ta } 


The stability of the torquer current is of sajor importance in eaintaining a stable 
scale factor. The degree of current stability will in great eeasure depend on the 
stability of the PVR and the scale factor resistor. The PVR is a cascaded sener diode 
voltage source. The final stage is chosen to operate at a voltege where the teaperature 
coefficient of the diode crosses ‘hrough cero. Voltage deviations of the PVR are less 
than 10 ppa/year, with o teapereture coefficient of less than 3 ppa/Cc. 
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The scale factor resistor is a paralle] combination of precision resistors with low 
temperature coefficients. One leg of the network contains a potentiometer which allows 
accurate adjustment of the current to any desired value. Resistance stability is approxi- 
mately 3 ppm/year. 


The d.c. amplifier is designed to keep transients as smal. as possible and to minimize 
current changes due to variations in supply voltage. 


Prom Equation (25) it is evident that variations in current will have little effect on 
bias stability unless {(k°/g*) - (k"/g”)} 1s large. Since the bias is kept at s saall 
value, the primary effect will be on the scale factor of the instrument. 


5.3 Variations in &* and k” 


The primary source of scale factor and bias instability in the PIPA is the variation 
in the magnetic state of the iron in the torquing circuit. The magnetic parameters of : 
the iron are effected by temperature changes, lerge float rotations, torquer current over- j 
shoots, and variations in 3200-Hz excitation voltage to the magnetic suspensions. 
Temperature variations cause changes in stress exerted by the potting encapsulating the 
torquer microsyn. The changes in stress cause corresponding changes in permeability of 
the iron. Since the effect of the potting is similar for both positive and negative 


torquing circuits, temperature changes primarily affect scale factor, and the bias changes j 
are almost negligible. ? 


A change in bias and scale factor can occur if a malfunction in the torquing loop 
causes an unstable condition long enough to torque the float to a rotary stop. In such a : 
case, full flux density will exist along portions of the rotor which normally see only a 
fringing fields, resulting in a shift in magnetic state. The effect will be primarily a $ : 
bias effect, since one direction of torquing wil] be predominantly affected. 


Torque current overshoots may result from shorts in the circuit or a large overvoltage 
applied to the d.c. current source. The effect of an overshoot is to drive the torque 
generator microsyn to a higher operating point on the B-H curve. Upon removal of the 
overshoot condition the torquer will return to an operating point somewhat higher than 
the initial one, with a resulting increase in M. If the overshoot occurred long enough 
to affect both torquers, the primary change seen wil] de in scale factor. If only one 
torquer is affected, a large bias shift will result. 


The single-piece rotor on the TG end of the PIP carries flux fros both the suspension 
and TG circuits. Variations in the level of the suspension flux can cause variations ip 
k* and k” . These terms are particularly sensitive to suspension overshoote which could 


drive portions of the rotor into seturation. Depending on the geometry involved, either 
bias or scale factor shifts could result. 


Good design practices to sinimize the possibility of overshoots end torquing loop 
instabilities can eliminate @ eajor portion of the instebility in k° and &” . Adequate 
control of temperature and eacitation voltage can eaintain the other effects to eithio 
acceptable lisits. 


5.4 Position Seaery 


Position eesory is an ecceleration-sensitive bias exhibited by the PIPA, the cause of 
which is stil} under investigation. Position semory causes a biss change of t 0.1 ca/sec’ : 
for « change in input to the accelerometer from 0 to t ig. The change in position nemory es | 


bias as a function of input is predictable and thus aay be compensated for if the expected 
ecceleration profile is known. 
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5.5 A.C. Hysteresis 


The term “a.c. hysteresis” is applied to bias variations caused by suspension fluxes 
coupling through fringe portions of the rotor when the float is allowed to rotate to an 
angular stop. This effect can be controlled by adequate specification of the magnetic 
properties of the rotor material. 


5.6 Pendulosity Changes 


The hollow beryllium float will exhibit changes in pendulosity if damping fluid is 
sllowed to seep into any portion of the float. Proper design will virtually eliminate 
any possibility of such an occurrence. If such a condition were to occur, an input exis 
shift would be the first effect noted, since the sensing direction for input acceleration 
would change relative to the float body. Except in extreme cases, effects on scale factor 
and bias would be negligible. 


5.7 Changes in Air Gap 


Changes in g° and g will result if the magnetic suspension allows motion of the 
float within the case of the instrument. For the most part, the suspension parameters 
are quite stable and negligible motion of the float will occur. (Under conditions of high 
input acceleration along the output axis of the instrument, the suspension will be re- 
quired to counteract the torque produced by the output axis acceleration acting on the 
pendulosiiy of the instrument, resulting in some float motion.) If a salfunction should 
occur, large bias shifts will normally result, since the differential term in Equation 
(38) is very sensitive to changes in g . There will also be some change in scale factor, 
but it will be limited, since scale factor is primarily a function of g, - 


5.8 Fluid Impurities 


Contaminants or gas bubbles within the damping fluid can become positioned between the 
float and the case of the PIPA and exert error torques on the float. Proper filling 
techniques will minisize the possibility of foreign particles in the fluid at the time of 
build. Gas bubbles can result from air leaking into the instrusent from outside or fros 
helium gas leaking into the fluid from the hollow float or from the bellows. 


A cemented metal band is used to seal the joint between the ten end housings of the 
PIP and this joint, as well as the float and bellows seals, are carefully checked before 
filling of the unit with demping fluid. Pilling of the instrument is ecconplished through 
euall £111 holes at either end of the case. After fill, these holes are sealed using .) 
wetallic compression seals. 


By use of the above technique, the poasibility of air leaking into the instrument is 
virtually eliminated. Slow leaking from the float can easily be kept to acceptable levels 
with presently known cementing and fabrication techniques. 

The bellows remain one of the sost critical elements in the design. Rigid screening 


tests on the bellows, and careful inspection by X-ray techniques after completion of 
build, will reduce bellows failures to a ainiaus. 


6. PERFORMANCE CAPABILITIES AND POSSIBLE I[NPROVENENTS 


6.1 Perfermaace 


The discussion in Section 5 dealing with the PIPA instabilities indicates that, to a 
great extent, the performance capability of the instrument is dependent upon how wll its 
environpent is controlled. With the exception of position aemory and a.c. hysteresis, the 
megnetic instabilities can be kept euall by good control of teaperature, torquing curreat 
and $200-fiz excitation voltage. 
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Scale factor change due to temperature variation is one of the major limitations of 
the present instrument. ‘The CW PIPA exhibits approximately 360 ppm change in scale 
factor per °C. The LM PIPA exhibits approximately 630 ppm change per °C. 


The performance table shown in Figure 19 assumes a temperature stability of + 0.14°C 
and no magnetic shifts due to abuormal current and voltage levels. The bias stabilities 
quoted are primarily a function of position memory and a.c. hysteresis. 


6.2 Possible Improvements 


Use of a potting ccmpourd for the TG sicrosyn, which would decrease shrinkage stresses 
by a factor of two, would reduce scale factor sensitivity to temperature by at least an 
order of magnitude. Use 0f a three-piece rotor to separate the suspension and TG fluxes 
would eliminate the coup!ing between the suspension and TG circuits. The three-piece 
rotor, coupled with optimum rotor design, would also reduce the effects of a.c. hysteresis. 


With the incorporation of iaprovements in the above areas, the PIPA performance could 
be substantially ‘aproved over present Apollo requirements, end the instrument could be 
made suitable for longer end more demanding nissions. 
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APPENDIX 


Starting with Equation (31) in the text, 


Vi(s) = GV (s)F(s) , (Al) 


V,i5) is first obtained by trensforming Equation (29). The result is multiplied by F(s) 
as defined in Equation (30) with the result 


V,(8) = tyh Cen ee tay ees 
3) = —— | ——_————— ~27 -—— + - hy j 
cL,C R 1 c OU sf + a 
eS, ae Peg x ¢ 
L, UC, 
pe ee eee (a2) 
(s?+ 2) C(3 - 7C) (s+ C19)? + 09 


Taking the inverse transform of Equation (A2) 


GK,1, | (-27M - 2UW/C + CA,(0)) a1 23g 
V(t) = - 22 (- e nn (gt - tm ‘= a 


= : — ! - 
CLC, oCas cape «3)° > aac? 2? 4 ai - 


wey “at \ 
ee 8 sin ot * tan ate - 
*t A; ~ ye “4 


20.2 « aZyt E 2a,u 
a fst BP ey t + tar” ‘22 tn!) 


re) zy? 42.2 2 
(33 ea om w) © 42 ape wt we 

















= 2a eo 
(w(t) vin ( ~ tan za) 
AG or me 
abn de Fe galt 
/ 2s, (a, ~ C73) 
7 ate} m ot p28 
aoe \ uin( re (a, -e7gy' - 2h wt) 
e o 
Cle - “Cy & ag - Cf ~ be hs aadtay = ar) 
ve tat oy Oe EFI AY, 
ae ae ae ee (c/3 + 4)? - a a] 


CC/3 = ay et ee oe alleys ~ ay 
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R 
‘ 


» = Rq/2hy 


‘ 


w, = excitation frequency . 


Noting that, for the tuned filter, a2 + wt > wt =0, 


tan”! Sot. = 90° ‘ 


2 Le 2 
4 +4; wy 


Purthermore, since the exponential terms are small and are negligible for most applications, 
they will be grouped separately. Thus Equation (A3) can be simplified to 


mJ 
+CAe(0) - 27M - — 





V(t) = —S2 sin (wt + 90°) - 
cc, 2A gy 


ma? + 22)t 7 
eee cos (ust + tan”? a,/u,) + 
425 


Mt sin (wt + 90°) 
+ E(t) 


. (A4) 
22,49 


where E(t) represents the exponential terns. 
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Fig.1 Pulsed Integrating Pendulum schematic 
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Apollo Pulsed Integrating Pendulum 
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Fig.4 Apollo PIP magnetic suspension cross-section 
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Fig.5 Apollo PIP magnetic suspension circuit 
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Fig.6 Locus of maxima and minima of f(Q) , show to enlarged scale for 0 < Q, <2 
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Fig.8(a) Apollo PIP SG secondary circuit 
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Pig.9 Apollo PIP torque generator cross-section 
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Pig.10 Apollo PIPA electronics control loop 
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Pig.16 Average moding versus torque constant, Apollo PIPA 
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Pig.i17 Computer sigulation results. Ci PIPA frequency response to unbalanced 
square wave input 
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Fig.18 Computer simulation results. Lia PIPA frequency response co unbalanced 
square wave input 
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Fig.19 Apollo PIPA closed-loop performance 
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L’ ACCELEROMETRE ONERA A GRANDE SENSIBILITE 


Michel Delattre 


L’ accélérométre ONERA a grande sensibilité (seuil de mesure 10°°m/s*) a fait l’ objet de 


plusieurs publications?” *. 





Références 1 et 2 traitent plus particuliérement de la théorie de cet accéi¢rométre. 
Référence 4 cite les différentes recherches actuellement en cours sur des accélérométres 


trés sensibles et analyse les problémes soulevés par le développement de 1' accdlérométre 
ONERA. 


La présente publication a pour objet de décrire 1’ état actuel de ce développement. 


1. RAPPEL DU PRINCIPE 


Considérons une enceinte C disposant d’un degré de liberté suivant l'axe XX’ (voir 
Figure 1}. A l'intériear de cette enceinte, sur l’ axe XX’ plagons une masse m soumise 
a une force de rsppel élastique -Kx (voir Figure 1) dés que’elle s’ éloigne de sa position 
d’équilibre 0’ au centre du cadre. Supposons qu’il existe une force d’ amortissement de 
i pYroportionnelle a sa vitesse de déplacement par rapport a ©’, —f(dx/dt) . 


Supposons que pour t =0 le point (’ se trouve en O et que le cadre subisse une 
accélération a (x est toujours de signe contraire aA r,). 


A l'instant t , si l’on considére 1’ équilibre des forces appliquées sur m , on peut 
écrire 


d?(X ~ x) dx 
a Kx -f— = 0 
dt dt 
r ax d*x K 
=~ > —~T+rr— +r ZX 
: at? dt? mo m 
Pour une accélération constante Ty, » aprés évanouissement du phénoméne transitoire, 
on a 
K 
TY = oo (1) 


x est une mesure de ey ‘ 


Avec un systéme disposant de trois degrés de liberté suivant les trois axes d’un triédre 
tri-rectangle il est possible de connaftre 4 la fois 1’ amplitude et la direction d’ une 
accélération par trois mesures de déplacement. 


2. DESCRIPTION SOMMATRE 


La masse d’ épreuve est une sphere de béryllium de 40 mm de diamétre (poids 60 gr) 
contenue & l’ intérieur d'une cage également sphérique. 
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La position de la bille par rapport a la cage est détectée suivant trois axes tri- 
rectangles passant par le centre de la cage. 


Les détecteurs de position de la sphére sont du type a capacitance variable (voir 
Figure 2). Ils sont constitués par des dlectrodes dites “électrodes de détection” en 
forme de calottes sphériques (voir Figure 3). 


Les forces de rappel, de nature électrostatique, sont imposées par 1’ intermédiaire 
d’ électrodes dites “dlectrodes d’ action” de forme annulaire sphérique. 


Le principe de la chatne ¢lectronique est montré sur la Figure 4. Les capacités “bille- 
électrode de détection” sont connectées a un pont capacitif alimenté par une tension de 
fréquence 500 kHz. 


Les mouvements de la sphere font apparaftre un signal de déséquilibre du pont. 


Aprés amplification, ce signal vs’ ajoute ou se retranche de la tension de polarisation 
V. appliquée en permanence sur les électrodes d’ action. Une électrode d’ action présente 
le potentiel V,+v alors que 1’ électrode opposée présente le potentiel V,~-v. 


La force de rappel étant proportionnelle a la différence (V, + v)? - (Vv, - v)? est 
linéaire en v. 


Si l'on considére un petit déplacement x de la bille autour de sa position d’ équilibre 
on peut linéariser et admettre que la résultante des forces qui s’exercent sur cette bille 
est de la forme 


F = ax-bv, 


a et b étant positifs. 


Si le détecteur est linéaire, pour un déplacement x il fournit une tension de 
déséquilibre 


kx. 


Si l'on appelle G le gain de la chaine électronique, on peut écrire 
vo= kG@x, 
d’ ot 
F = (a ~ bkG)x. (2) 


11 en résulte qu’ en régime permanent 1]’ accélération |’, est mesurde par 


x 


bkG - a 
— xX, (3) 





m 
Si l’on s’ arrange pour que a soit négligeable devant bkG , pour changer 1' étendue de 


mesure de l’accélérométre, il suffit d'agir sur le facteur G. C’est le principe que est 
montré sur la Figure 4. 


3. ETAT ACTUEL DE L’ ETUDE SUR L’ ACCELEROMETRE ONERA 


La relation (1) montre que, pour une pulsation propre donnée, 1’ appareil est d’ autant 
plus sensible que l’on peut mesurer un déplacement x plus petit. Un calcul dldmentaire 
montre qu’ avec un temps de réponse de 1,5 seconde environ, en se plagant dans les con- 
ditions de l’ amortissement critique, un seuil de mesure en accélération de 10° °m/s? 
correspond a un seuil de détection en déplacement de bille de 10°° micron. L’ obtention 
d’un tel seuil suppose qu'il a été possible de surmonter les difficultés qui apparaissent 
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- dans la réalisation et le montage mécanique 


- dans la conception et la mise au point des chafnes électroniques 
- dans les essais. 


3.1 Partie Mécanique 


La nécessité de mesurer les trois composantes du vecteur accélération et le seuil de 
sensibilité recherché conduisent a imposer des tolérances d’ usinage et de montage 
extrémement petites. 


Par suite du principe capacitif utilisé c’est la valeur moyenne des défauts de surface 
qui intervient dans le fonctionnement. Cette valeur moyenne est trés inférieure a la 
valeur des défauts localisés. D’ autre part, le déplacement de la bille est petit devant 
la distance interélectrodes et M. Gay a montré?:? que, dans ces conditions, le gain de la 
chafne est une facteur de minimisation des influences des défauts mécaniques. 


Le rapport entre ]’ amplitude des défauts mécaniques acceptables et le seuil de détection 
en déplacement est lié au gain de la chafne. 


Un rapport de 10° semble pouvoir @tre accepté sans que les performances visées soient 
remises en cause, 


Cependant 1’ étalonnage de chacune des composantes peut se trouver faussé par une rotation : . 
de bille si celle-ci n’est pas une sphere parfaite. L’ erreur qui on résulterait serait 
d’ autant plus faible que le défaut de sphdricité de la bille serait plus faible. Il y a 
done intérét a utiliser le procédé d’ usinage susceptible de produire les billes présentant 
le défaut de sphericité minimum. Jusqu’ a maintenant, les meilleurs résultats ont été 
obtenus par un procédé de rodage dérivé de celui qui est utilisé pour fabriquer des lentilles 
ou des miroirs optiques. Les cages sont obtenues par le méme procédé de rodage. Dans ces 
conditions les défauts de sphéricité observés sont de l’ordre de 10°* micron. 


La précision d’ usinage et de montage est obtenue par l'emploi de procédés de contréle 
présentant une sensibilité équivalente a celle qui est recherchée pour 1’ accéldrométre. 


Ces procédés sont fondés sur l'utilisation de montages mécaniques spéciaux associds a 
des mesures capacitives. 


Pour éviter les erreurs qui pourraient résulter d’ une variation de température au cours 
du montage ou du contréle dimensionnel, ces opérations sont effectudes dans une salle a 
température constante, 


Dans ces conditions, il] est possible d’ obtenir une précision globale de 1 micron. 


Les caractéristiques dimensionnelles sont indiquées en microns sur la Figure 5 ov un 
seul axe de sensibilité est représenté. 


Plus la distance entre ia bille et les dlectrodes de détection est petite, plus la 
sensibilité de détection des deplacements de la bille est grande, Au point de vue de la 
sensibilité il y a donc intérét a choisir une distance bille-électrode de détection aussi 
petite que possible. Mais plus cette distance est petite, plus le fonctionnement du 
dispositif est influencé par les défauts mécaniques d’ usinage ou de montage. Il y a donc 
lieu de choisir un compromis et 1’ expérience a montré qu’ une distance de 30 microns 
environ représentait une valeur acceptable. 


Si l'accélérométre a un seuil de détection en déplacement de 10°? micron et s'il a un 
domaine de fonctionnement égal & 10° fois le seuil de détection, le déplacement de la 
bille est compris entre 10°? micron et 1 micron. IJ] serait donc scuhaitable de limiter 
la course libre de la bille & une valeur ldgérement supérieure a 1 micron. 
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En effet, plus la course libre est grande plus il faut de temps pour amener la bille de 
sa position de butée a sa position de mesure et par conséquent plus il faut de temps pour 
mettre 1’ accélérométre en condition de mesure. 


La course libre de la bille est donc réduite par un jeu de butées. 


En pratique il n’ est pas possible de réduire cette course a une valeur voisine de 
1 micron en raison des tolérances d’ usinage et sa valeur est réglée 4 20 microns environ. 


La position des électrodes d’ action est déterminée par la précision recherchdée pour 
1’ accélérométre. 


En effet, supposons que 1’ accélération a mesurer soit nulle et consiaérons un des axes 
de sensibilité XX’ par exemple (voir Figure 6). 


Soient D,D, les positions des électrodes de détection et A,,A 
électrodes d’ action. 


5 les positions des 


Soit 05 la position du centre de la bille qui donne un signal de detection nul. 
Supposons que la chafne d’ asservissement ne soit pas fermée mais que les tensions de 
polarisation V, soient appliquées sur les dlectrodes d’ action AJA, . L' équilibre des 
forces d’ attraction exercées sur la bille par les dlectrodes A, et A, se preduit 
lorsque le centre de ia bille est en 0, . Les imperfections de l’ usinage et du montage 
font que 0, ne coincide pas avec 05 . Supposons que 1’ écart x, entre 0, et 0, 
soit celui de la Figure 6; dans ces conditions, en absence d’ accélération, avec la chafne 
d’ asservissement fermée, le centre de la bille occupe une position d’ équilibre Oy telle 
qu’il existe un écart x, entre 0, et 0, . Soit d la distance entre les électrodes 
d’ action et la bille lorsque le centre de celle-ci est en 0, . L’ écart est tel que la 
tension V, + Vv appliquée en A, & la distance d +x, +x, produit sur la bille la 
méme attraction que la tension V, - v eppliquée en A, & la distance d - X,-X,- 

Puisqu’ en 0, la force résultante appliquée sur la bille est nulle, on tire de (2) 


a(x, + x,) = bGkx, 


Si a est negligeable devant bGk, 
ax 
x = ll, 

. bGk 


a et b sont des coefficients fonction de la géométrie des électrodes. En assimilant 
celles-ci a des électrodes planes i] est facile de montrer que 


d’ ot 





Pour l’ accélération la plus grande a mesurer, la tension v appliqude sur les dlectrodes 
doit @tre au plus égale a yy . Si l'on admet cette valeur limite et si l’on appelle Xy 
le déplacement de la bille correspondant on peut écrire 


Gkx, = Vv, 


t eid 
e xX = 
; d 
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Si l’on admet un seui] de détection de 10°? micron et une étendue de mesure égale a 
10° fois le seuil on a 


Xy = 1 micron . 


Si l’on veut éviter les termes compensateurs il faut que Xx, soit situé dans le seuil, 
donc il faut 


d ~ 10° microns . 


3.2 Partie Electronique 


Les performances rendues possibles par la réalisation mécanique ne doivent pas étre 
détériorées par les chafnes électroniques de détection ou d’ action. 


3.2.1 Chatne Electronique de Détection 


Avec la géométrie adoptée pour 1’ accélérométre, la capacité entre la bille et chaque 
électrode de détection est vuisine de 10 pf. Pour ne pas perdre en performance il faut 
que la chafne électronique détecte des variations relatives de cette capacité d’ un ordre 
de grandeur égal a 10°°, soit en valeur ahsolue des variations de 10°" pf. Dans ces 
conditions, toutes les précautiors doivent @tre prises pour éviter les variations parasites 
de capacité. Cela conduit a utiliser des connexions trés courtes et rigides entre les 
électrodes et les circuits d’ entrée. kn conséquence, la chafne électronique de détection 
est montée dans un boftier relativement massif fixé sur la partie mécanique de l'accélérométre 
(voir Figure 7). 


Aprés préamplification la tension de déséquilibre du pont fait l’ objet d’ une détection 
synchrone. L' ensemble du schéma de principe de la chafne électronique de détection est 
montré sur la Figure 8. Cette chafne comporte un certain nombre de circuits intégrés qui 
entrafnent une diminution notable du volume. I] faudrait en effet 250 transistors si les 
chaines de détection étaient constitués d’ éléments séparés. 


On peut voir sur l’enregistrement représenté sur la Figure 9 que la stabilité de ces 
chafnes est trés bonne et ne limite aucunement les performances de 1' accélérométre. 


3.2.2 Chatne d’Action 


En raison de la distance de 10° microns qui sépare la bille des électrodes d’ action les 
tensions appliquées sur ces électrodes sont assez élevées. La tension de polarisation est 
fixée 4 806 V. En limite supérieure d’étendue de mesure la tension V, +v atteint 1500 V. 


Dans ces conditions toute poussiére existant en surface peut étre 1' amorce d'une décharge 
disruptive entre dlectrodes et bille; c'est pourquoi i] est impératif d’effectuer le montage 
de l'accéldrométre dans une trés bonne salle dépoussiérée. 


Par ailleurs, il faut dviter que la bille prenne une charge électrostatique qui produirait 
ces efforts d’ attraction parasites. Pour cela, Jes électrodes d’ action sont doublées et 
alimentées comme i) est montré sur la Figure 10 pour un axe de sensibilité, Cette dis- 
position donne un potentiel résultant nul alors que les efforts produits par chaque paire 
d’ électrodes s’ ajoutent. 


L’ amplification est effectude sur une fréquence porteuse de 40 kHz. Un transformateur 
de sorti2 accordé alimente le wontage redresseur qui fournit les tensions appliquées sur 
les électrodes. La stabilité du gain est obtenue par contre-réaction. Le schéma do 
principe fonctionne] d'une chafne électronique d’ action est représenté sur la Figure 11. 
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3.2.3 Dispositif de Changement Automatique des Etendues de Mesure 


Le changement d' étendue de mesure de |’ accélérométre s’effectue par changement du gain 
de la chafne d’ asservissement électronique. Trois étendues de mesure présentant un 
recouvrement ont été prévues: 


- (gamme 1) 10°° m/s? a 10°? m/s? 
- (gamme 2) 3.10°’ m/s* & 3.107" m/s? 


~ (gamme 3) 107° m/s? a 10°75 m/s?. 


Pour certaines applications spatiales il peut @tre trés difficile de prévoir et de mettre 
en oeuvre un programme de commutation des gammes de sensibilité; aussi il a été décidé de 
doter 1’ accélérométre d’ un dispositif de commutation automatique. 


Le principe d’un tel dispositif est simple: il suffit de définir une limite inférieure 
et une limite supérieure de détection. Chaque fois que la grandeur détectée est extérieure 
& ces limites le dispositif commande un changement d’ étendue de mesure dans le sens 
convenable. En raison des couplages existant entre les trois axes de sensibilité il faut 
que les étendues de mesure soient les mémes sur X,Y et Z. Il est donc nécessaire 
d’effectuer les commandes de changement d’ étendue de mesure avec des circuits logiques: 
circuits “et” pour augmenter la sensibilité, circuits “ou” pour la diminuer. Le schéma 
fonctionnel de 1’ ensemble du dispositif est représenté sur la Figure 12. Ce dispositif 
est actuellement parfaitement au point. La Figure 13 montre un exemple d’ enregistrement 
obtenu lors de deux changements de gamme consécutifs. La trace supérieure montre le mou- 
vement réel de la bille partant d’ une position de butée pour venir au centre de 1’ étendue 
de mesure. La trace inférieure montre, par 1’ emplacement de tops sur le signa] de mesure, 
les deux changements de ganme. 


3.3 Essais de Laboratoire 


Ainsi qu'il a été expliqud précédemment”, le couplage entre les axes de sensibilité 
X,Y, Z ne permet pas d’effectuer les essais de 1’ accélérométre dans les conditions 
d’ environnement de la pesanteur. 


La technique d’ essais en chute libre dans le tube d' impesanteur de 1’ ONERA® est maintenant 
parfaitement opérationnelle. 


Grace & cette technique il a été possible d' effectuer de nombreux essais et de procdder 
& une mise au point progressive de l’accélérométre. La Figure 14 donne un exemple des 
courbes de décéldération obtenues sur les trois axes de sensibilité lors d'une chute libre 
dans le tube. 


Les courbe. permettent d’ analyser le fonctionnement de 1’ accélérométre et éventuel lement 
de -eicuser un étalonnage. 


Ce calcul es’ effectue en comparant la décdlération mesurée par 1’ accélérométre a celle 
qui est détecminde en partant de la caractéristique de la vitesse de la capsule mesurdée en 
fonction du temps par un procédé d’ interférométrie Laser‘, 


Cette méthode d’ étalonnage ne donne pas ontiére satisfaction pour deux raisons: 
- la préciaion finale n'est pas suffisante 


- la capsule d’ essais en chute libre n'est pas équipée pour permettre d’ effectuer 
siaultanément un essai d’ accdlérométre et une mesure de vitesse. 


Aussi la plupart des étalonnages effectués jusqu’aé maintenant 1’ ont été en procédant 
de le manidre suivante: 
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~ un effort de retenue est exercé sur la capsule en cours de chute par un fil élastique 
en caoutchouc, 


- cet effort F est mesuré par un dynamométre piézodélectrique et la mesure est 
enregistrée en fonction du temps. Connaissant la masse totale M de la capsule on 
peut déterminer en fonction du temps la décélération [ = F/M subie par la capsule 
du fait de la tracticn exercée par le fil. Le fil est choisi pour que [ soit situé 
& l’intérieur de 1’ étendue de mesure de 1’ accélérométre correspondant a la sensibilité 
la moins grande, 


- la pression & l'intérieur du tube d’ impesanteur est réduite & sa valeur minimum afin 
que le freinage de la capsule par 1’ air résiduel soit négligeable devant le freinage 
imposé par le fil. 


A l'avenir il est envisagé d’ effectuer les étalonnages physiques d’ une maniére plus 
directe. Le principe retenu est fondé sur la mise en rotation a 1’ intérieur de la capsule 
d’ essai en chute livre, d’une masse dont les caractéristiques mécaniques sont connues avec 
précis.on et dont le mouvement est enregistré. 


Lorsque ce nouveau p'ocdédé d’ étalonnage sera au point, il restera a qualifier 1’ accéléro- 
métre pour un emploi spatial. Nous pensons que cette qualification ne peut étre décidée 
qu’ a la suite d’un essai en vol. Un tel essai a été défini et sa préparation est commencée. 


4. DEFINITION DE L’ ESSAI DE QUALIFICATION EN VOL 


Cet essai, dont les modalités sont actuellement en cours de discussion avec le CNES 
(Centre National d’ Etudes Spatiales), prévoit le lancement d'une capsule sphérique contenant 
l’ accélérométre, par fusée sonde, sur une trajectoire culminant a 200 km d’ altitude environ. 


La forme sphérique de la capsule permettra de corréler les indications de 1’ accéléro- 
metre avec la valeur de la densité atmosphdrique. Pour que 1'expérience soit facile a 
dépouiller ii faut que les décd)¢rations dues au mouvement de la capsule soient inférieures 
au seuil de mesure. Un calcu) montre que cela est possible en prenant les précautions 
suivantes: 


~ montage de l' accélérométre au centre de gravité de la capsule avec ure précision 
égale & + 10°' m. 


~ réduction du module de la vitesse angulaire de la capsule a 10°° rad/s par emploi de 
deux gyroscopes agissant par effet mécanique direct. 


Dans ces conditions, une trajectoire théorique, comme celle qui est représentée sur la 
Figure 15, permet de calculer & partir de la constitution de l' atmosphére standard, la 
décélération qui serait imposée & une capsule de dimensions et de masse données. Les 
résultats d'un tel calcul sont reprdésentés en fonction du temps sur la Figure 16. 


Les trois étendues de mesure permettront de bénéficier d'une durée de mesure 
satisfaisante. 


Au cours de 1’ essai en vol les changements de gamme seront mis a profit pour envoyer la 
bille sur les butées afin d’ arréter son dventuel mouvement de rotation par rapport a la 
cage et pour effectuer un étalonnage électrique par introduction dans la chatne de mesure 
d'un signal d' amplitude donnée. La Figure 17 montre J’ enregistrement obtenu lors d’ une 
simulation de ces différentes opérations. 
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THE VIBRATING STRING ACCELEROMETER 


Rovert 0. Bock 


To a physicist, the simple word “string” means a piece of material of appreciable length 
but small cross-section; it possesses tensile strength preperties, but negligible shear or 
stiffmmess characteristics. A fine watch chain might be a good example. 


Such a physical string, clamped rigidly at the ends of segment length L and subjected 
to tension T, will exhibit a natural frequency of transverse vibration, i.e. displacement 
in the plane normal to the string length, given by Rayleigh and others by the expression 


Lyte (1) 
2Ly\0/L/ ' 


where m is the mass of the string. The expression is readily derived from a simple 
differential equation used as a standard exercise for the beginning student in Theoretical 
Mechanics. (Harmonic modes of vibration are also possible but are of only passing interest 
at this time.) 


Accelerometers may be thought of as devices which transduce the quantity Force resulting 
from Newton’ s Second Law of Motion, 
d*x 
x = MM ace ; (2) 


into some convenient analog. usually electrical. It is thus apparent that the vibrating 
string not only has potential as the desired conversion device but produces a resulting 
analog, i.e., frequency, which is the most accurately measurable of al) physical quantities. 


We proceed to examine practical configurations and inherent qualities of such Vibrating 
String Acceleroneters. 


Consider first a simple sass hanging on a wire, which wire will be caused to vibrate in 
the transverse sode previously described. Assume e fine cross-support systea and preload 
tensioning device for convenience; Figure 1 illustrates such a systes. The string will be 
@sintained in a state of low-amplitude continuous vibration by having it in a strong 
permanent magnet field and ty passing a smell, limited electric current through it by means 
of @ connected feed-back amplifier. The amplifier functions much as e regenerative radio 
receiver feeding back in-phase power to its input antenna. (More detailed aeplifier 
requirements will be examined later.) 


Prom Squation (1) it can be seen that the string frequency in the absence of any accelera- 
tions (or gravitational effects) to the systee is given by 


1 T 
f = om oe 7 
; 2u Kk ) . 


where T, = “preload tension”. 


If now the system is physically accelerated to the right. w say erite 
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1 T, + Ma 
f,=—{- ; (4) 
2L n/L 
where M = mass attached to the string 
a = acceleration, 


or, using a series expansion, 
a 2 3 
f, = C,+Ca+C,a° + Cav +.... (5) 


The C’s are constants containing m,L,T,,M. 


The feasibility of utilizing this device depends on the rate of convergence of this 
series, since non-linearity can be a handicap for many uses. 


The ratio c,/c for example, is given by 


1? 


C. _ 


t = 


a1] 


M 
T, 
and sample constants for an instrument* might be taken as (assume rectangular cross-section) 


string length = 2cm 
string width = 0.01 cm 
string thickness = 0.002 cm 


string density = 10 gm/cm® 
mass = 10 gm 
tension = 600 gm. 


These values yield constants approximately as follows: 


C, - 19,650 Hz 

C, = 114 H2/g 

C, = 0.47 Hz/g? ‘ 
C, = 0.004 Hz/g’. 


Convergence of this series is obviously not rapid enough for applications such as 
missile guidance, where high precision is required and acceleration values exceed 1g by 
appreciable amounts. However, for very small dynamic range requirements, e.g., gravity 
measurement, this non-linearity poses no problem. Instruments of the type described have 
been used very successfully for gravity measurement on submarines and on land; literature 
describing several of these applications is given in the References at the end of this 
paper. 


To improve linearity of the output of the accelerometer described, one may decrease M. 
increase Tf, , or apply compensation or calibration techniques. In general, a more satis- 
factory configuration than that shown is far more successful. 


Let us add to the instrument described an identical ‘wirror image’ attached at the left 
end of the coi) spring. The result is shown in Figure 2, with some further construction 
details shown in Pigure 3. To develop the equation for this acceleromete:, we first note 


© These valuer do not represent those of any a-’t-'ly kno= strings or instruments built. 
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that an acceleration that is positive for the original string (on the right) has a negative 
sense fer the second string (on the left); Equation (4) then becowes, for F333 


fees = . (6) 
aL, a,/L, 


and the counterpart of Equation (5) becomes 
f, = Cy, -C,,a + C07 -C,,a°+.... (7) 


where the “2” subscripts refer to the second string. If we now subtract the two string 
frequencies, we have the new output equation for this two-string accelerometer: 


7 = 2 3 
f-f, = (Cy =) + (C,,+C,,)a + (C,,-C,,)a° + (C,,+C,,)a° +...., 


or, more simply, 
7 2 3 
f,-f, = K,+K,a+K,a° + Kia’ +..., (8) 


We note the following for this “difference frequency” equation: 


(i) Even order terms are zerc within our ability to match the two halves, i.e., to 
make Cai 7 Che ‘ 


(ii) The third-order term cannot be made equal to zero, since single string coefficients 
of the same sign are added to obtain the final coefficient. 


Production experience has demonstrated that K, values are easily held to a few parts per 
million, i.e., a few micro g per g¢’. K, is of little consequence so long as it remains 


fixed, in fact it is usually set arbitrarily at a selected non-zero value for convenisnce 
in use. 


The third-order term is usually in the 10 to 40 micro g per g° region, depending on the 
application requirements and the resulting choice of parameters for instrument design. 


Using the constants of the single string hypothetical instrument previously discussed, 
we obtain the following (approximately). cor varple: 


K, 0 to 2 Haz (say) 
K, 230 Hz/g 
K 
K 


~ 


y = 38 micro g/g’. 


To characterize this instrument, we make use of three terms which we define here as 
follows: 


1. Sensitivity is the maliest input signal to which the instrument will exhibit 
proper response. 


2. Accuracy is the precision with which a calibration can be usefully repeated. 


3. Resolution is given by the amallest increment of acceleration (or, as we shall see, 
velocity) which can be usefully read out. 


For the first of these quantities, the theoretical sensitivity falls in the region of 
thermo-molecular noise leve) of the sechanical parts: in practice. the degree of sophisti- 
cation of readout equipment hes limited useful sensitivity to date in the 10°°¢ region. 


The accuracy achieved for any instrument depends heavily on the dynamic range expected 
of it; for the 20 g range. accuracy of the order of 1 part per sillion has been ecconp] ished, 
while for the 0.01 to 0.1 g dynamic range acc:racy has approeched 1 part in 100 aillion. 
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Resolution is a matter of regdout technique, and a variety of electronic ‘counting’ 
schemes have been employed. Note first that the output of the accelerometer is true 
frequency modulation and originates on two ‘‘carrier” frequencies, i.e., f, and f, 
(It is also worth noting that several other unique features exist for this instrument: 


1. There is no servo system. 


2. Total power dissipated in the sensor is less than 1 micro-watt and this is invariant, 
regardless of input signal. 


3. There are no moving parts in the usual sense - string amplitudes are usually in the 
100 microinch region. 


4. Integration to obtain velocity (often more significant than acceleration) is accoa- 
plished without error with no converters, integrators, or added devices beyond the 
standard micro-sized electronic “flip-flop” counters. 


5. No difficult conversions between electrical and mechanical quantities occur at all.) 


Three readout systems in use will be described; all relate significantly to resolution. 
Other methods or varying combinations of these methods may also be feasible. 


Figure 4 shows the first and probably siaplest readout method. This method of counting 
individual string vibrations and digitally subtracting is most feasible in general where 
the accelerometer is in a system utilizing a digital computer, which supplies the built-in 
computation ability. It requires that the inherent accelerometer resolution be adequate 
for the application without addition of the techniques shown below. Note that the output 
may be either velocity or acceleration if the sample time intervals are knowm. 


The above method used in the laboratory has s pitfall for those seeking ultimate 
precision. If the time intervals for sampling the separate strings are not identical, 
then each string sensor finds itself at a different plase of the ever-present seismic 
disturbances in the laboratory and only very long samples can hold this reading error to 
very small values. The long times are apt to be inconvenient. 


A superior laboratory readout system in widespread use is shom in Figure 5. In this 
eystem, @ simple heterodyne circuit subtracts the two string frequencies and delivera the 
difference to a divider section in a commercial electronic counter. Every n*® save gates 
the counter, which registers the number of high frequency clock pulses ehich passa for an 
exactly known whole number of difference frequency cyclea. This period measurement yielde 
1 aillion counts resolution in 1 second: as high as 50 eiliion counts per second have been 
used. Counting times (note that the divide factor can be choson at will) can be varied 
from a fraction of a second to hundreds of seconds - or even days if desired. Precision 
is limited only by the practice] “cleanliness” of counter circuitry and input waves and ty 
the perfection of triggering circuite ia the countcr. Sxamples are knowm of 1500 second 
counting times, giving resolution of one part in 1800 «10.10%, or 1 in 1.5+10'°. 


An interesting variation of this technique bea been useful in gravity measurement were 
the output frequency is nearly constant. Note that the “counter” is actually detersining 
the ratio of two frequencies, that from the heterodyne and that of the clock. If the 
Clock frequency is obtained from a frequency “syntbesizer”, which supplies essentially 
any desired frequency locked tc a precision crystal. then the cicck way be set at the 
heterodyne frequency or, say. 10,000 times the beterodyne value (which is nearly constant). 
and the total counts accimulated on the register will be unity followed by all zeros. 
Values aay be set so that an observed change of i count re:resents exactly 1 wicro g (or 
0.1 micro g) as desired. 


Below is a tabulation of naunbers taken at rendem from a laboratory counter and printer 
illustrating the use of the technique described above. / vibrating string iostrunent 
used as & gravity aeter supplied the results. Counting time wus several hundred seconds. 
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10% 60 0 6 
10000 0 0 6 
166 600 0 6 
1006000900 0 8 
160006 0 06 6 
10000060 0 5 


The third readout system in use is shown schematically in Figure 6. The first portion 
of the figure shows how the resolution of the instrument is first increased by 100 times 
by electronic frequency multipiication: in our hypothetical instrument, previously des- 
cribed, the equivalent scale factor sould be increased from 230 Hz/g to 23,000 Hz/g. One 
may choose to heterodyne and sultiply further if he wishes; the only limits are dynamic 
requirements, essentially, for the application. The sultiplied frequency, for exasgple, 
is really ce-ived by extrapolation of the phase properties of each carrier wave cycle 
through th .wext period of the carrier. Should the input wave be so drastically modulated 
during one cycle (in 1/13,650 sec in our string-carrier exemple), then the phase detection 
circuit may malfunction In over a decade of continuous use of these circuits, only one 
situation has beer encountered in which detectable errors occurred from such an event: a 
amall] oceanographic ship detected several somentary “phase lock" errors one day; the 
occurrence was quickly correlated with depth-charge-like explosions heing set off directly 
under the ship for seismic sounding experiments. 


The second portion of Pigure 6 illuatrates one of the commonly employed techniques for 
frequency gultiplying. A voltage controlled oscillator is csominally adjuated to put out 
a siqal of frequency nx«f. where f is the “{nput™ frequency. A feedback loop 
divides this output frequency by n digitally, i.e., using “flip-flops”. with zero error, 
and the phase detector circuit matches every nt® wave of the cutput to the input f¢. 
Error voltage ia used to zeep the voltage controlled oscillator locked to the proper 
frequency in this pure electronic servo. 


Auxiliary features of some interest have been inccrporsted in a nusber of instrusenta 
for special applications. One of these is an automatic sero adjust cirevit espiayed for 
certain space-flight purposes. 


The driving amplifier for the vibrating string has the folloving requirements: 
1. Phase shift between signal and feedback tc the string must be kept seall. 
2. Voltage to the string aus* be reasunebly constant. 

3. Liaited barwonic content is peraitted io the feedback wave. 


4. Considerable bandpess sust usually be provided to perait proper response to side- 
band frequencies. 


Note the first of these. when extrewe stability of zero Dies ts required for say. sour 
months in apace, then the circuit of Figure 7 is used to automatically provide true zero 
for bies ao long a the accelerometer is in free fell. Ghould the difference frequency 
not be zero. the phase diff-rence 13 detected. amplified. integrated and used to phase 
shift the feedback voltage to one ctring until perfect frequency satch ia restored. The 
phase shifter is a simple electronic circuit. Wen it is desired to read acceleration, 
the owitch (electroni*) leading to the integrator is siaply opened. 


It would be unfair to omit eention of one possible result of the cubic terw jon-]isearity. 
£f the hypothetical instrument previously descrived sere subjected simultaneously to 
acceleration which is steady or slowly changing. and to vibration of s frequency higher 
than the sampling rate of readout, then rectification errors say reeuit. This situation 
is readily visualized in the sketch of Figure 8 (grossly exaggerated). If readout senplea 
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average over several vibration cycles, then an incorrect average is obviously obtained. 
The exact expression for this (error in K,) is given by 


2 

3K,a, , (9) 
where ay is the root mean square vibration amplitude. Thus, for our hypothetical instru- 
ment at 1g steady and 0.1 g 0 to peak vibration, we have 


Ex, = 3 « 35 x (0.7<0.1)' micro g/e . 
or 0.5 micro g/g (or 5 parts in 10 million). 


While several correction schemes have been used, a particularly interesting one has been 
deveioped for the vibrating string gravity meter. If we substitute the quantity gt+c , 
where c is deviation from a normal 1 g value (say on a ship), for a in the equation for 
the accelerometer output and write a new series expansion about the 1 g point instead of 
the 0g point (as in Equation (8)), we achieve an equation whose non-linearities are in 
terms solely of c , the variations from 1g, i.e., 

fat, 2 0p * Kle+ Kic? + Kic° hain 

Physically, to satisfy the requirement that K, = 0, we find that the detailed expressions 
(in terms of masses and string parameters) for K; and Ki call for a quantitative mismatch 
of the two halves of the instrument, which has not been difficult to achieve in practice. 


The whole advantage of this modification lies in the fact that the rectification errors 
are zerc about the assumed 1 g point about which the expansion is derived. 


Security restrictions limit the publishing of actual data on vibrating string accelero- 
meters in many cases. Figures 9 and 10, however, show results of some early tests employ- 
ing an unclassified vibrating string accelerometer used as a sea-bore gravimeter and as 
a tide meter, respectively. In both cases, off-the-shelf 30 g instruments were used. 


In summary, the vibrating string accelerometer may be said to offer high precision 
performance with great simplicity and reliability. There are numerous special production 
techniques required to achieve high yield rates of instruments, but these have been solved 
with no recourse to super accurate tolerances or exotic processes. Technical advances 
are still being made in numerous features and in utility of these sensing instruments. 
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Fig.2 Vibrating string accelerometer 
Accelerometeur aux cordes vibrantes 
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Fig.7 Automatic in-orbit zero adjust 
Réglage automatique du zéro 


RECTIFICATION 


AVE. VALUE 
VALEUR MOYEN 


AK, = 2&3 a,” 
2 34 35% (0701)° 
© AS « O~* 9h 


Fig.8 Rectification effect 
Effet de rectification 


o.12 
0.08 
3.04 
j o 
£ = 0.0¢ REMovEN 
v Mmesued (obeve 
q-oo8F | eevee) 


! ' olin p ff | 
MGAL © MILL CAL 10'S 





1600 2400 ogee 1900 
OATE ¢ TIME - HOURS 


Fig.9 Lunar tide measurement 
Mesurage de la mardée de la lune 


485 














486 


GL @OSTINAD UTVYS AY “(Paaomel 4OU QJTAp) AT BBOUB I,TB-3e1q =O “3 Ta 


AIOWONG WINFHAL 
O22 OLY 7 





Sx0VAAA 
VONOILGIINON 


SAILIINOUA C26 


rH 


WN Os 


Biss scene a Yn Dy ah elt oe aed pn ein ee AE nae 8 Te ed ee 


002 - 


00/ - 


OOF 


TIADW 











TECHNICAL REPORT ON THE 
QUARTZ RESONATOR DIGITAL ACCELEROMETER 


by 


Norman R. Serra 


Litton Systems, Inc. 
Woodland Hills, California, USA 











488 


SUMMARY 


The Quartz Resonator Digital Accelerometer is the result of an extensive programs to 
develop an accelerometer with digital cutput using direct conversion from force to 
frequency. Crystalline quartz, as the basic transducer material, provides high mechanical 
staodility, repeatability, and reliability and enables direct sechanical-to-electrical 
coupling using the piezoelectric properties of the material. This elisinates ccavent ional 
electrical pickoffs and torquers usually associated with precision accelerometers. 
Instrument accuracy is built into the quartz resonator. Relative simplicity of the 
required electrical circuitry eliminates the need for critical circuit components. The 
crystals of two quartz resonator-mass systerzs operating in push-pull control the frequency 
of two oscillator circuits. The obtained difference frequency is proportional to the 
applied acceleration and provides an extremely accurate digital output with no requirement 
for intermediate equipment. 


The initial phase of the program was devoted to development of the quartz resonator. 
A six-degree-of-freedom computer progras was used to establish dimensions and to calculate 
resonant frequencies and harmonics. The importance of resonator activity level was 
established and direct measurement techniques developed. Effects of cutting, lapping, 
polishing, etching, scribing technioues and aging on performance and stability were 
experimentally determined. The instrument design effort required development of a 
temperature-insensitive proof sass and cross support system, a torsion free cantilever 
suspension, a stable, distorticn-free case, a rigid external sounting system, and an 
ultra-high vacuum seal. 


The instrument, in ‘ts final configuration, consisted of a dual crystal, dual proof 
wase design with each proof sass suspended by a single cantilever spring. The electronics 
consisted of two independent crystal controlled circuits, with each crystal incorporated 
ioto the bridge of a high stability oscillator. Multiplier and frequency differencing 
circuits were developed for direct instrument readout. 


The design goal for the instrument was 0.02 percent linearity in the 0 to 20 g range. 
This was achieved and desonstrated in centrifuge teste at the US Aray Guidance and Contro) 
Laboratory et Huntsville, Alabane. 


The program made significant contributions to the state-of-the-art in the developaent 
of analytical expressions for frequency vs load, in elisination of sechanical lock-in of 
the crystals, in developing techniques for fabrication, tuning, eatching, end eounting of 
crystals, in the study of single eode crys:al operation, and in the development of precisica 
crystal-controlled, variable frequency circuits vith segohm range, series, resonant crystal 
iepedances. 
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TECHNICAL REPORT ON THE 
QUARTZ RESONATOR DIGITAL ACCELEROMETER 


Norman R. Serra 


1. INTRODUCTION 


1.1 Digital Accelerometers 


The primary requirements for linear digital accelerometers for inertial navigation 
systems and guided missle applications are simplicity, low cost, smail size, reliability, 
and accuracy. Previous approaches to high performance designs have involved the use of 
pulsed forcing, or analog to digital conversion of force-balance analog instruments. The 
pulsed systems roquire tightly controlled voltage supplies and precision wave shaping to 
obtain accurate digital output. Analog to digital conversion offers the disadvantages of 
extra equipment requirements and loss of accuracy at the conversion stage. Recently, the 
use of g-sensitive vibrating elements with open-loop outputs has been tried with a signi- 
ficant degree of success. The Litton quartz crystal resonator is of this type. 


Open-loop digital instruments have the advantages of siaplicity, reliability, the 
elimination of pulsed forcing or A to D conversion, and have the potential for low 
cost, high rate production. While these instruments present challenging problems in the 
area of stability and teapersture sensitivity, they offer excellent probability of meeting 
performance requirements in the areas of threshold sensitivity, dynamic range, and 
linearity. 


21.2 The Litton Quartz Crystal Resonator 


The open-loop digital transducer used in this instrument is a double, closed-ended, 
quarts tuning fork, as illustrated in Figure 1. It is approximately three-quarters of an 
inch io iength, cut from crystalline quartz, and plated with thin metallic electrodes by 
weans of which its beams are pieazowlectrically excited at their sechanical resonant 
frequency. The precise configuration and disensions of the resonator resuited from 
theoretical considerations and mathematical analyses which ere described in some detsi) 
later ia this paper. 


Two quarts resonators are used in each instrument. Each resonator is fastened to the 
fastrument case and to an individually suspended proof sass in a manner such that accelera- 
tion components along its axis of sensitivity place one in tension and the other in 
compression. The resultant stresses cause precisely defined changes in the resonant fre- 
quencies of the two resonators. 


1.3 Advantages ef Quartz 


Quarts is one of several extremely stable crystals which exhibit piezoelectric pro- 
pertios end is weed, by virtue of these properties, in frequency stebilizetion sircuite 
for a aultitude of applications. Sridge-stabilized crystal controlled ceciliators commonly 
have frequency stabilities in the order of one part in 10°. It is this extrene stability, 
coupled with a highly eifora aad predictable change in frequency as a function of aris) 


loeding, that led to their choice for this application. A great smount of work in crystal 
coutrolled cecillstors has been carried out by the electronics industry ant, therefore, 
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there is a large storehouse of background experience and information readily available. 

A further advantage of quartz is its anisotropic structure which allows its characteristics, 
such as Q, thermal coefficient of expansion, and frequency to be varied as functions of 
its cut. 


1.4 Development Program Objectives 


The primary objectives of the development program were to design, build, and test an 
instrument with the following design and performance goals. 


(a) Digital Output: Frequency as a function of acceleration. 
(b) Simplicity: Minimum number of parts. 

(c) Low Cost: Under $500 production cost. 

(d) High Range: Up to +60 g if required. 

(e) Reliability: MTBF of 3000 hours or greater. 

(f) Linearity: 0.02% or better. 

(g) Stability: 0.1 milli-g. 

(h) Low Cross Coup] ing: 100 wg per g in all axes. 

(1) Temperature Operation: -30°C to +80°C 


(j) Small Size. 


The instrument was to be static tested at the Litton Industries facility at Woodland 
Hills, California, centrifuge tested at the US Naval Test Station at Point Mugu, California, 
and given additional tests at the Army Inertial Guidance and Control Laboratory at 
Huntsville, Alabama. 


The main application of the instrument, if successfully developed, would be in inertial 
guidance systems for aircraft and in guidance and telemetering systems for missiles. 


Additional objectives of the program were to evaluate the applicability of quartz 
crystals to this type of application, to develop procedures and techniques fcr fabrication 
of quartz tuning fork resonators, and to determine the producibility of these resonators 
for high quantity production situations. 


2. RESONATOR DESIGN 


2.1 Theoretical Considerations 


A vibrating beam in axial tension or compression provides a simple direct technique 
for force to frequency conversion. A simple, conventionally mounted rigid beam, however, 
hes serious deficiencies in sensitivity to end moments and mounting point energy losses. 
Incorporation of a pair of such beams into the symmetrical tuning fork configuration shown 
in Pigure 2 serves to reduce this sensitivity greatly, and virtually eliminates trans- 
aission of kinetic energy to the mounting surfaces. The symmetrical construction allows 
the parallel beams to vibrate in symmetry, so that the moments due to bending at the dual 
beam junctions are cancelled. The compliant integral end supports provide a high degree 
of mechanical isolation between the active portion of the resonator and the fastening 
points at each end. 


The differential equation for « fixed end beam of constant cross-section performing 
transverse vibrations was derived as shown in the Appendix. This equation is 
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where 


E is the modulus of elasticity in the x (axial) direction 

I {s the moment of inertia of a plane section through the beam 
Y is the beam deflection at any point x 

x is the position along the longitudinal axis of the beam 

T is the axial load in tension 

m is the mass per unit length 


t is time. 


Solution of this differential equation for fixed end boundary conditions results in a 
transcendental equation of the form: 


l l l l 
a, -]tanh'a, -}+{a,-}tanja,-}) = 0, 
(4.5) (43) (+13) (+5) 
l is the length of the beam 
: [Tt * ue r|' 
! \ 2BI EI/ e! 
t\*? eat T t 
a, = — ewe je oe 
ze! EI 2eI 


resonant frequency . 


where 


e€ 
n 


A computer progrem was used to solve for w, resulting in the graph show in Pigure 3. 
This has the following series expansion about T=0: 


/ 


/ | f f : 
w = §,59932 \ ve i + 0.09831 =) ~ 0.00831 ay + 0.00088 (=) - | . 


\ 


Details of the entire analysis are shown in the Appendix. This result shows that the 
equation for natural frequency as a function of acceleration for a resonator in tension 
is of the form 


fp = fp +ke-ke’ +k? -..., 
where f{, is the no-load naturel frequency; and the equation for a resonator in com- 
pression is correspondingly 

f, = f, = ke = k,a? = x,’ ™ eee 6 


These are the basic equations used in design of this instrument. 
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The properties of the various crystallographic orientations were determined on the 
basis of published data and calculations’*? which define thermal coe7ficient of frequency 
and Q as a function of crystal cut. It was established that thermal coefficients of 
frequency can be reduced to zero for individual preselected temperatures, but that crystals 
cut for this characteristic do not provide maximum piezoelectric coupling. The cut 
finally used was chosen for the practical reasons of availability and high coupling. 


2.2 Physical Description 


The resonator, shown in Figures 1, 2, and 4, is symmetrically shaped in the form of a 
double closed-ended tuning fork. Its dimensions and tolerances in inches are 0.800 
(40.001) length, 0.080 (+0.0005) width, and 0.040 (+0.00005) thickness. The twin re- 
sonating beams in the center are 0.250 (+0.0001) inches in length by 0.010 (10.0001) inches 
in width and the center section is connected to the end mounting areas by 0.015 (10.001) 
inch wide end tines. 


The material used was an optical grade, high-Q ultraviolet grade, cultured quartz. 
Natural quartz was also obtained for evaluation, based on the recommendation of Bell Tele- 
phone Laboratories, where natural quartz had been shown to provide higher Q. No con- 
clusions as to relative merits for this application were reached. 


The crystallographic orientation used in the final design is a Y cut, in which the 
face of the resonator is in a plane perpendicular to the Z axis of the crystal, with the 
length aligned along the X axis, and the width along the Y axis. 


The electrode pattern is illustruted in Figure 5. This simple symmetrical pattern, 
with voltages applied as shown, causes the beams to vibrate in their primary mode. 
Piezoelectric deformation results from impressing electrical fields across the narrow 
dimension of the beam, which is along the crystallographic Y axis. With this eode of 
excitation, quartz distorts in shear, forcing the beams to bend in a transverse direction 
as shown, cr in the opposite direction when the field is reversed. The beams vibrate at 
the frequency of the applied field, and these vibrations saintain saxiaun amplitude when 
that frequency coincides with the natural frequency of the beaas. 


The plated pattern is foraed with a S00 to 1000 angstroe thickness of nickel-gold 
Plating, scribed with a special tool to isclate the electrodes and their circuits secheni- 
cally and electrically. The circuitry to the electrodes is plated on the faces cf the 
cryatal adjacent to the electrodes. The detailed pattern of electrodes is also shown ic 
Figure 4. Pleted circuitry eliminates the need for conventional wiring connections on the 
resonator. The resonant frequencies of the resonators are 28 and 30 kitz, and two fre- 
guencies are used in order to avoid frequency lock-is, a prodlea which is discussed in 
more detail delow. ‘The 30 kitz range was chosen for the best compromise between etchanical 
and electrical characteristics. 


3. INSTRURENT DESIGN 
3.1 Theoretical Approach 


The equations for the natural frequencies of the resonator in tension aad in compressice 
have been derived. Ia this instrument, the resonators and their proof sasees are oriented 
each that an acceleration along the sensitive axis places one resonator ia tension and 
the other is compression. Teking the difference of the teo resonator frequencies, and 
Gropping higher order ters. 


tf -f. = tf, ¢8e- be? tbe - ft, eke + be? + he? 


= 2k,e¢ ake? 
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gives an expression which is quite linear, since the second-order terms cancel, and the 
third-order terms are swall (less than 0.02% at 20 g in the prototype units). Thus it is 
seen that the frequency differencing system provides outputs which are proportional to 
applied acceleration. 


The use of a two resonato; system, shown schematically in Figure 6, provides advantages 
beyond the reduction of non-linearities. The f, » or no-load resonant frequency terms 
of the two resonators, are subtracted from one another in the frequency difference 
equation. It can be seen that, if the changes which occur in no-load resonant frequency 
as a function of environment and time are equal in direction and magnitude for both re- 
sonators, their effects will ale mutually cancel. 


Each proof mass is supported by a simple cantilever spring, which lies in a plane per- 
pendicular to the longitudinal axis of the crystal] and to the sensit‘ve axis of the 
instrument. This provides cross-support in the two directions perpendicular to the sensi- 
tive axis. The spring constant of the support is calculated tu provide temperature 
compensstion. This is achieved by determining the amount of thermal differential expansion 
which occurs between the resonator and the case, and allowing the force applied to the 
resonator through the spring to be of a magnitude which will compensate precisely for the 
temperature coefficiency of frequency of the resonator under steady-state thermal conditions. 


3.2 Physical Description 


The instrument, shown in Pigure 7, is 22 inches in diameter and 2 inches in length. It 
is constructed of two nearly identical instrument halves, bolted together at their mounting 
flanges, and each containing an independent resonator and proof mass essembly. A cut-away 
view is shown in Pigure 8. Symmetry is achieved by locating each resonator in a hole in 
the center of its proof mass, with the two ends of the resonator attached to round mounting 
buttons, using epoxy cement. The buttons are, in turn, cemented to the case structure et 
one end of the resonator and to the proof mass at the other. The button at the case end 
contains two sealed feedthrough terminals which provide direct electrical connections fron 
the outside of the case to the resonator. 


The proof sass ia composite assembly, the center portion of which is an integral part 
of the spring. Each spring actually consists of two spring leaves in the same plene, 
laterally separated for optivum moment stiffness. The proof wass centers of gravity are 
located so that they become irrotational upon application of linear accelerations. 


The instrument halves are sealed sith a Viton O-ring and an indium wetea! gasket seal, 
io order to eaintein the low leak rate (less than 10°'* etd. cc/sec) required for long 
life. The use of organic cements and gaskets within the instrument lisits the outgassizg 
temperstures to under 100°C, but this is sufficient to yield predictable crystal perforeance. 
A q-inch diameter copper tube, soldered into one case half, serves as an evacuation, out- 
gassing, and final pinch-off ori?ice. 


3.3 Majer Sesign Probless 


The initial design of the instrument wes intended %0 eeet the functiona] requirenents 
of scele factor, range, and lisearity in a package of sinieur size and eeight. While 
tests of individual iastrument halves indicated thet the linearity goal could be set, 
complete instruments were plagued with the problems of frequency lock-in, cese sensitivity 
to external furces, diminiched resonator Q , and inadequate vacuus séal ing. 


Lock-in is caused by the two crystals rescnating together 10 sympathetic vibration, 
apparently due to a eutual iaterchenge of sechanical and acoustical energy. It was 
eliminated by operating the crystals at two different frequencies, with a frequency ratio 


of 12. This gives separation of approsimately 2000 Hz, eliminating the possibility of 
lock-in over the entire acceleration reage. 
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The first case design was considerably smaller than the final, and was of lightweight 
aluminum construction. A cross-sectional sketch is shown in Figure 9. Early tests 
revealed a sensitivity to mounting conditions that, in many instances, caused the resonators 
to vary no-load frequen:y, and nccasionally to cease vibrating completely. Joining of 
the separate instrrement halves caused similar problems, which could only be eliminated by 
repeated interchange of instrument halves until a satisfactory combination was found. 
This proved extremely difficv!t because of the epoxy sealing of the instrument halves 
which had to be completed *o obtain an integral joint. 


A new case was designed in the configuration described in Section 3.2 and shown in 
Figures 7 and 8, v:ich greatly stiffened the resonator supporting structure and eliminated 
mounting point distcrtions. An O-ring se2l was included to permit ease of assembly and 
disassembly during laboratory inves:igation cf the mechanical-acoustic energy transmission 
problem. The planes of :'. two proof mass cross-support systems were brought into line 
so that they would be at cne same radius during centrifuge testing. The original design 
of the resonator mounting, proof mass, and cross-supports was not changed in th: new 
“heavy case” design. 


When resonators were installed in each half of the heavy case accelerometer, a vast 
improvement in Q over the earlier design was exhibited. Hcuwever, when the two haives 
were united, a 50% drop in resonator activity was experienced. The assembled halves prv- 
sented a large area of metal to metal contact which permitted a substantial interchange 
of energy from resonator to resonator. This area was reduced by placing thin metal shims 
between the halves at six pciuts around the flange. The measured drop in resonator Q 
was now reduced to less than 25%. 


In order to insure a final seal, an indium wire gasket was added between the case halves. 
This material ‘3 the property of deforming under pressure to accept the contour of the 
surfaces with which it is in contact, filling up smail surface imperfections and maintaining 
its volumetric integrity over an indefinite period. 


4. ELECTRICAL DESIGN 


4.1 Theoretical Approach 


The fundamental problem of resonant frequency vibration is the design of a circuit which 
will tune itself precisely to the natural frequency of the controlling element (in this 
case, the rescuator). For thiz purpose, each crystal was incorporated into a bridge 
oscillator circuit designed to operate with the unusually high series impedance of the 
quartz crystal resonator. The circuit schematic is shown in Figure 10. 


The general considerations that apply to any oscillator are expressed by Barkhausen’ s 
criteria which require that, while in a steady state condition, the power gain around a 
closed loop be unity and that the phase shift be zero. If gain «xceeds unity, oscillations 
will build up in amplitude until iimitiang occurs in the loop, thus reducing the gain. 

The second of these criteria, which requires that the phase shift around the loop be zero, 
determines the operating frequency. For a non-zero phase shift condition, the frequency 
changes the proper amount to cause the phase shift to become zero. The circuit design 
fcatures used tu satisfy those criteria are described in Section 4.2.1. 


In addition, the resonator stability must be defined in useful and measurable terms. 
The tirst order mode of the crystal is shown below, where C, is the equivalent shunt 
capacitance of the crystal, and L,C, and R represent the motional impedance. 
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The figure of merit M is a reliable measure of crystal stability, 


é R Cc L 
h M=Qe 
where Q c, AAAA | 
1 
oS Sone: bee 
0 
©) 


In conventional applications, is normally greater than 10, but in this application it 
ranges from 0.3 to 3.0. Its importance is shown in the frequency stability expression 


(v2) 
AS: \ nu? 
f = M+ 2) ‘ 


where 


Af/f is the fractional change in frequency 
mn is the amplifier net voltage gain 


dd is the phase change in the circuitry external 
to the bridg: . 


For a typical crystal 


Q = 2x 10° 
M = 1 

bb = 200 
dd = 0,05 


Af/f =~ 5x 10°. 


4.2 Circuit Design 


4.2.1 Excitation Circuit 


A large variety of oscillator circuits have been designed for use with low to moderately 
high impedance crystals. One such circuit is the Meacham bridge oscillator’, which was 
designed at Bell Laboratories and served to demonstrate that it is possible to minimize 
the frequency changes due to electronic shifts external to the bridge itse)f. In that 
circuit, the reactance of the shunt capacitance relative to the series impedance of the 
crystal is relatively high. The crystal appears as a small resistance shunted by a large 
capacitance. A transformer is used to obtain the bridge drive, and a thermal element is 
used to control amplitude. 


The Litton quartz resonator, however, electrically resembles a large resistor shunted 
by a capacitor with comparable reactance. The series resonant impedance is in the t to 6 
megohm range. For this reason, a more complex circuit was required. This circuit, shown 
in Figure 11, uses two driving sources 180 degrees out-of-phase with one another instead 
of a transformer as used by Meacham. This provides a broader available frequency band and’ 
permits control of one of the two driving amplifier loops with an AGC. The Litton circu't 
uses this AGC rather than a thermal element for amplitude control. With amplitude tightly 
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controiled, the frequency becomes effectively dependent upon the phase shift. The 
extremely high impedance pickoff from the bridge minimizes the bridge loading and the 
resultant effects upon amplitude and phase shift. The loops including the oscillators 
have extremely high gain, in excess of 100. This also has a stabilizing effect, by 
tending to reduce the effects of phase shift due to electronics outside the bridge, as 
shown by yw in the equations above. 


With these stabilizing factors, the only remaining area of serious concern is the 
stability of the RC balencing leg of the bridge. As shown above, the effect of the 


external electronics on the frequency stability is in the neighborhood of five parts in 
10°. 


4.2.2 Output Electronics 


The output mechanization, shown in Figure 12, consists of a ii multiplication of the 
higher frequency crystal output, an additional 5x multiplication of both outputs, and a 
frequency differencing circuit. The basic technique for multiplying the frequency of a 
signal is to extract an appropriate harmonic after altering the signal waveform to assure 
a known spectrum. Odd harmonic multiplication (x15) is performed by square-wave limiting 
of the input signal to be multiplied initially and using appropriate filtering to extract 
the fifth and then the third harmonic, with square-wave limiting as an intermediate step. 
The resulting output is a frequency 15 times that of the input. Division by 16 is achieved 
with a four stage binary counter. Multiplication by 5 is the same as multiplication by 
15 with the elimination of the last two steps. 


A standard mixer circuit is used to obtain the difference frequency between the two 
resonator outputs. None of its components is critical and, with the use of high frequency 
Silicon transistors, special precautions in layout and packaging are unnecessary. 


5. RESONATOR FABRICATION 


5.1 Procedures 


Several essential sequential operations were involved in the resonator manufacturing 
process: ultrasonic cutting of the resonator from a single blank, lapping and polishing 
to match the beams and improve activity, intermediate testing, plating and scribing, final 
testing and matching in pairs, and operational aging at temperature for optimum stability. 
Development of the sequence, tooling, and technique was a lengthy and highly empirical 
effort which ultimately resulted in a predictable and acceptable yield of crystals. 


5.1.1 Resonator Cutting 


A Sheffield Cavitron was used for ultrasonic cutting of the resonators from flat 
quartz blanks of desired finished thickness. The goal in this area was to develop tooling 
and methods for cutting symmetrical resonators, with closely repeatable dimensions, at an 


acceptable production rate. In addition, the crystal surfaces were to be substantially 
free from cracks, chips, and other defects. 


A three-piece cutting tool was designed which allowed the critical cutting surfaces of 
the tool to be replaced readily without major tool rework, and which cut as many as seven 
resonators consecutively from a flat plate without the necessity of sizing each blank. 
Brass tools were used to eliminate the danger of chipping. However, satisfactory results 
and better tool wear were ultimately achieved with steel. A slurry of 3 micron Al,0, 
was used for cooling, lubrication, and removal of waste material. 


This equipment produces a resonator in less than one hour of machine time with negligible 
breakage. The raw-cut resonators are of good quality and surface finish, and tolerances on 
the critical dimensions are controlled to within 100 microinches. While further improvements 
are possible, tiese methods yield acceptable raw-cut resonators at reasonable cost. 











1 ke AN ed RS IO 


A OR RE a 2 A rte ee eee 


Ghent 7 a 
Seni ner cea el Ba 


oo a ee 


Sm eigenen” moe 





497 


5.1.2 Lapping and Polishing 


The natural frequency of the resonator is highly dependent upon the dimensions of the 
active beams of the tuning fork. A change of 100 microinches in thickness can produce a 
300 Hz change in natural frequency; therefore, frequency variations due to machining must 
be removed by more precise techniques. Frequency trimming by adding mass to the beams by 
overplating was unsuccessful because results were too limited to compensate for the large 
variation between raw-cut beams. Fine grit sandblasting by which frequencies could be 
controlled down to 5 to 10 Hz was also attempted, but it was not as effective as lapping 
and polishing, which achieves 1-Hz control. Etching in a solution of hydrofluoric acid 
was found to yield a great improvement in beam activity. The apparent mechanism is the 
removal of surface irregularities and small particles of debris remaining after vigorous 
cleaning and lapping. The final procedure established was to lap to within 100 Hz of the 
desired frequency and then polish and etch to the final frequency. 


5.1.3 Intermediate Testing 


Frequency matching of the beams of an individual resonator is an indispensable require- 
ment for high-Q performance. Matching of the resonators destined for a particular instru- 
ment is also highly desirable from the standpoint of linearity, temperature compensation, 
and aging. Since the only acceptable way to match frequencies is by removal of material 
from the surface of the active beams, tuning and matching can only be accomplished on 
unplated resonators. Because of this, it is necessary to measure frequency at the unplated 
polishing stage. 


A capacitive drive fixture consisting of eight flat plates arranged in a pattern similar 
to the electrode pattern of the resonator was designed to perform this measurement. The 
beams of the unplated crystal were located between the fixture plates with a small physical 
clearance to assure that no mechanical contact was made, and voltages were applied in a 
manner identical to the resonator electrode pattern. Natural frequency and Q are readily 
determinable from the voltage output measurements. 


5.1.4 Beam Balancing of Resonators 


An important consideration in the performance of this transducer is its sensitivity to 
stimuli other than forces along its sensitive axis. It is desirable to mount the resonator 
in a manner that prevents the application of non-axial forces; but, since this is difficult 
to accomplish, the resonator must be made as insensitive as possible to the cross-axis 
forces imposed by distortions in the clamps and the proof mass support system. Analysis 
indicates that frequency changes due to side loads in a plane which includes the two active 
beams can be minimized by insuring that the two active beams are dimensionally balanced. 
This was examined experimentally by clamping one end of a plated resonator in a stationary 
frame and applying a series of cross-axis loads at the other end. The graph of frequency 
versus side loads plotted in Figure 13 was obtained from these data. A second resonator 
which had been “beam balanced” was examined under the same circumstances. The data, 
plotted in Figure 14, show it to be less sensitive to side loads by a factor greater than 
10. Beam balancing by polishing and etching was therefore established as a mandatory step 
in the resonator fabrication process. 


5.1.5 Plating and Scribing 


Application of the electrodes and circuitry to the resonator in a manner which would 
provide reliable adhesion, uniform thickness, homogeneous structural qualities, and freedon 
from surface discontinuities involved many serious problems, the foremost of which was the 
choice of msterials, Best results were normally obtained with bimetallic plating, the 
underlay material being chosen for surface adhesion and the overlay for uniformity, 
structure, and surface qualities. Several materials snd combinations, aluminum, chromium 
and gold, aickel and gold, platinum, and others were tried, using resonator performance as 
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@ measure of acceptability. A nickel-gold combination gave the best empirical results and 
was used in the prototype instruments. The plating was performed with conventional vacuum 
deposition equipment using a rotational fixture to obtain uniform plating. 


The two obvious methods of obtaining clectrode and circuitry pattern definition are to 
mask the paths between circuits prior to plating, or to use photo-etching to remove 
material after plating, a process similar to techniques used in printed microcircuitry. 
Unfortunately the internal surfaces of the beams do not lend themselves well to these 
techniques and, consequently, a method of direct material removal, using an electrical 
scribing tool, was devised instead. With this method, manual skill and care in handling 
are the prime requisites for success, and these were developed to the extent that the 
operation became routine. It seems apparent, however, that further experimentation with 
the previously described approaches might yi2ld considerable savings in time and improved 
consistency in results. The electrode and circuitry pattern are illustrated in Figures 4 
and 5, 


5.1.6 Resonator Aging 


Because of the relationship between output Af per g and the no-load natural frequency 
of the resonators, it can be seen that the no-load natural frequencies must be extremely 
stable (in the range of a fraction of a part per million per month). Thus, one of the 
major technical endeavors in the program was to improve stability by controls applied to 
the fabrication of the resonators, and by specially developed techniques designed to 
accelerate physical stabilization of the crystals. The latter is referred to as aging, 
and consists of high temperature continuous operation of the resonators until such time 
as initial large changes in no-load frequency have disappeared. 


The aging process is normally carried out in a vacuum oven controlled to 0.01 degree 
Centigrade and is aided by constant high vacuum pumping for continuous outgassing of the 
crystal. A typical aging curve is shown in Figure 15. It can be seen that the greatest 
aging occurs in the first 400 hours, after which the average slope of the aging curve 
becomes more gradual. It also should be noted that aging of the electronic components 
in the oscillator circuits was found to be occurring simultaneously, and that their relative 
contribution to the composite aging rate beccmes large as the crystal itself becomes more 
stable, 


Best results were obtained when the aging process was applied to completed instruments, 
held at temperature, with evacuation occurring through the copper fill tube, permitting 
the unit to be sealed off without further contamination by the outside atmosphere. 
Stabilities obtained were in the order of one part in 10’ random drift. 


6. PERFORMANCE 


6.1 Type of Testing Conducted 


The tests performed on the instrument and its component parts were those which could 
yield information particularly germane to the problems of this specific design. Among 
the most critical problems were stability versus time and stability versus temperature of 
both the crystal-instrument combination and the electronic oscillator. These character- 
istics were tested extensively. Other variables tested because of their critical effect 
upon performance were the level of activity of the crystal as a function of acceleration, 
the sensitivity of the instrument to changes in internal pressure, and the oscillator 
stability as a function of the a.c. drive voltage of the crystal and of the d.c. power 
level to the oscillator. Finally the instrument was subjected to conventional tests for 
zero to one g linearity and centrifuge linearity to +20 g. 
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6.1.1 Stability versus Time 


A large number of stability tests were conducted on individual resonators, one of 
which is shown in Figure 15. The ultimate interest, however, is focused on resonator 
performance as a part of the completed instrument, since it is essential to know how long 
an aging period is needed for the instrument to stabilize, and what level of stabilization 
can be expected. For this purpose, the heavy case instrument was placed in a temperature 
controlled environment and operated for a five-month period. Output was monitored on a 
continuous basis and plotted daily. The results are shown graphicaliy in Figure 16. It 
was observed that it took almost the full five months for the instrusent to achieve an 
acceptable degree of stability and that, even then, a small residual drift uncertainty, 
in the range of 0.1 milli-g, persisted. The test. was discontinued after experiments 
showed that the drift rate could be varied by minor component changes in the electrozics, 
from which it was concluded that the area of electronic component stability wo:ld have to 
be investigated and improved before additiona! meaningful drift tests could be corducted. 


Although the initial drift of the instrument was high (0.1 mill-g per day), the pro- 
gressive and relatively predictabie decrease in drift rate during the test period indicated 
@ probability of achieving ultimate stability in the fractional milli-g range by control 
of resonator processing and supplementary aging procedures. 


6.1.2 Stability versus Temperature 


There has not as yet been an adequate checkout of the original thermal design theory of 
the instrument, which specified that the axial loading produced by differential expansion 
between the case assembly and resonators and iransaitted to the resonators by the apring 
should cancel the thermally induced frequency shifts in the resonators. There were, how- 
ever, tests performed on individual resonators for frequency versus temperature, which can 
be helpful in predicting thermal performance. Figure 17 shows a typica] resonator curve. 
It can be seen that a preferred temperature exists at which minisal temperature sensitivity 
occurs and that there is a precise point at which the df/dt becomes zero. The rate of 
change at 60°C, a typical operating temperature, is 0.7 parts per million per degree 
Centigrade. 


An examination of oscillator characteristics under similar conditions (shown in Pigure 
18) indicated a well defined temperature characteristic which will also have s mensurable 
effect on the overall thermal stability. The net thermal sensitivity due to the sum of 
all thermal error contributions is as yet unknown; however, it was observed that control 


of temperature to 0.05°C during test appeared to be sufficient to eliminate significant 
errors. 


6.2 Accelerometer Parameters 


6.2.1 Resonator Activity Level 


It was demonstrated early in the program that the first requisite for repeatable 
instrument performance was the maintenance of a high level of activity, or Q, on both 
resonators. Two factors which were originally suspected of contributing to a reduction 
in activity level were the level of internal pressure within the instrument, and the 
actual application of g-loads along the sensitive axis. Both of these were t: sted and 
the results are shown in Figures 19 and 20. The pressure versus Q curve shows thet 
internal pressure can be increased to 10°! torr without seriously iupairing performance. 
Acceleration, fortunately, had no measurable effect on resonator Q. 


6.2.2 Oscillator Circuit Performance Errors 


Two critical variables, the power supply voltage to the oscilistor and the crystal 
drive level, were also observed to have a measurable effect on the instrument output 
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period or frequency. Test results, shown in Figures 21 and 22, demonstrated this to be 
& problem requiring controls and tolerances on both variables. The power supply aust be 
held to £0.1 volts and the crystal drive level to t1% to limit the errors from these 
sources to one micro-g or less. 


6.2.3 Zero to One g Linearity 


One g linearity testing is conducted by rotating the sensitive axis of the instrument 
in 10 degree increments through 360 degrees in a vertical plane through the earth’ s 
gravity fields. Readings of accelerometer output frequency are made at each increment of 
rotation. The data are reduced to cbtain the straight line scale factor coefficient and 
bias, and the residual error at each point is plotted as a percent of 1g. Figure 23 
shows the test results on the heavy case completed instrument. Maximum non-linearity on 
this particular test is 0.0013% of 1 g, and is typical of 0 to 1 g tests on both heavy and 
lightweight case designs. 


6.2.4 Zero to 20 g Linearity 


Multi-peint centrifuge testing was conducted at two different covernment facilities. 
In the tests at Point Mugu, Californie, a set of ten test points was used, while at 
Hunteville, Alabama, a series of repeatability tests was conducted at 0, £10, and 120 g. 
The 10-point test data are plotted in Figure 24, which shows percent non-linearity with 
the resonator equations for frequency versus load. The maximum non-linearity was 0.02% 
in the positive direction and 0.035% in the negative, both of which occurred at the 
maxinum g level. 


The 0, 10, and 20-g repeatability tests showed a scattering of data ranging fron 0,006 
to 0.02% non-linearity. The scatter was due to poor centrifuge speed control, but the 
magnitudes served to confirm and even improve upon the 16-point test results, and verify 
thet the expected non-linearity is in the 0.02% range at the 20 g full scale output. 


2. CONCLUSIONS 


7.1 Majer Reewlts and Conclusions 


The sajor results and conclusions listed below summarize the accomplishments of the 
Quartz Resonator Digital Accelerometer developaent progran. 


(a) The practicability of using a quartz resonator, closed-end tuning fork a8 an open- . 
loop acceleration sensing device has deen demonstrated. 


(b) The practicability of a resonator-oecillator electronic sechanization which will 
accurately represent, vith respect to frequency, the iaternaal stress ievels vithia 
the resonator hes been established. 


—_ 


(c) The effectiveness of a frequency-differencing ayatem, which serves to eliainate 
inherent nom-linverities in the resonator force-outpet relationshipe, has been 


denoust rated. 


(4) The major problems inbereat in the aanefectering of quartz crystal elements for 
the precise and unusual requirements of this type of application have been shown 
to be sursountable. 


(e) Both the aechanical and electrical performance of thie type of aysten have proven 
to be subject to eathematical snaalynis which, it was demonstrated, can be 
sufficiently rigorous to predict performance characteristics end problem areas 
accurately. 
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(f) The accelerometer developed during this program demonstrated performance which is 
reasonably satisfactory in range, linearity, threshold, and output format, but is 
not yet completely acceptable from a functional instrument standpoint. This per- 
formance does, however, serve well to demonstrate the principles involved, and 
tends to support the assumption that the remaining problems are subject to reasonable 
engineering solution. 


71.2 Remaining Problens 


The three areas upon which attention must be focused in order to attain universality 
of application for this instrument are stability, temperature sensitivity, and size. 
Although the instrument stability improved greatly over the five-month test period, an 
aging time of five months is unacceptable unless recalibration is permitted, and the level 
of stability achieved was only marginal. No serious attempt at stabilizing the electronic 
components has yet been made. Work in this area, as well as development of accelerated 
aging techniques for the resonators, is essential. 


Temperature sensitivity has not yet been investigated thoroughly. There are several 
design approaches to decreasing the temperature sensitivity, if necessary, such as rotation 
of the crystallographic axes, variations in compliance of the cross-axis spring support, 
alteration of differential expansion rates by changing case assembly materials, thermal 
coefficient matching of the resonators, or attempting to operate at the minimal sensitivity 
temperature of both resonators. 


Finally, the present size of the heavy case was chosen as a deliberate structural over- 
design to solve the problea of mounting sensitivity. It remains to be seen how much the 
size can be reduced without re-initiating the problea. 
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APPENDIX 


DESIGN THEORY OF QUARTZ RESONATOR 
FORCE-TO-FREQUENCY TRANSDUCER 


A.) FREQUENCY RESPONSE OF A RESONATOR VIBRATING 
IN THE FUNDAMENTAL MODE 


In this Appendix, the differential equation of a beam performing transverse vibrations 
is derived and then solved with the appropriate boundary conditions. Finally, the natural 
frequency of vibration is given as a function of the beam constants and the applied axial 
load. 


A.1.1 Derivation of the Differential Equation 
x x+ dx 
( 
tt 
4 
v4 
t 





Y 


Consider a beam under an axial load (T) as shown in the sketch above; it is constrained 
at the ends but is free to vibrate in the transverse or Y direction at intermediate 
points. 

The differential equation may be derived by considering a small beam element of length 


dx at some position x. The diagram opposite shows all of the forces acting on the 
differential element where 


T is the axial load 
Q is the shear 
M «is the moment 


m is the mass per unit length. 
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3 

q+ 22 
Y ox 

For equilibrium, the summation of all moments and forces, including inertial reaction, 

Summing moments about the center of gravity of the differential element 


must equal zero. 


gives 
eae M as Sak (le deo? ay ew 
ax /2 2 Ox 2 : } 
or, neglecting teras of second order, 
Wop ok 5 rh) | 
Ox ox : ° 
Summing forces in the Y direction gives 
3a o’y 
+— dz - = gadx— 
Gren sae 
3a 3*Y 
or —_ = —_ A2 
oO tt a 
It can be shown’ that, for sasll deflectiona the curvature and soment are related 
according to 
Mos -&8 o (a3) 
ax 
where 


BE is the aodulus of elasticity in the x direction 
is the soment of inertia of a plane section through the bean. 


I 
Combining Equations (Al), (A2), and (AS) leads directly to the differential equation 


: of a beem performing small transverse vibrations 
at (dr 2 / sn 
ox? ax? / ~ Ox \ ax /* “a 
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For the case of a beam of constant cross-section, Equation (A4) reduces to 


ony 3*y 3*y 


oe hae Sa eo (AS) 


A.1.2 Solution of the Differential Equation 


When the beam vibrates in one of its normal modes, the deflection at any position and 
time may be represented as 


Y¥(x,t) = X(x) sin wt. (a6) 


Substituting Equation (A6) into Equation (A5) leads to 


3"xX 2*x 3 
fe ae ee = 0. (AT) 


It can easily be verified that cosh O,x and cos a,x are particular solutions of 


Equation (A7), where 
/t\? pot T t 
1 (er, ¢—e by —— (ABa) 
2e1 EI 2Et 


(or 


The general solution can thus be written as 


rye oP ee ER et ge 


R 


a, 


X = A cosh 4,2 +B cos a,x, (48) 


where the constants A and B are chosen in accord with the boundary conditions. Let 
the origin be at the center of the beam. Since both ends are built-in, the boundary 





conditions are 

fq /l 

x ae = X t\ =: 0 (A100) 

é 2/ 

fa I 

a(-t) a(t 
: = tees = 0 < 
a a (A10®) 


Pros Equation (49), Equations (Al0a) aad (Al0b) become 


‘re ee ee oe 
fom ss gj oom 


‘: y 


/ t { i 
(™ sim Per ons 8 = 0. 
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Since A and B are both non-zero, the determinant of the coefficients must vanish 


I 1\ 
cosh a, 2 cos a, 7 


( sinh & t\ ( sin a | 
1 1a) 2 29 


(0, ;)eus (0, $) (a, S)eaa(ay 2) = 0 aun 


Equation (All) is the transcendental equation which determines the relationship of frequency 
to the beam conatunts and the axial load. 


or 


A.1.3  Frequcacy Response 


Because of the transcendental nature of Equation {All) and the formof 4, and @,, 
an analytical solution for w is somewhat tedious. However, the results of a computer 
progrem have yielded the graph show in Figure 3 of the main text, which ius the following 
series expansion about f= 0 or no load: 


. 2\?_//er\ vr) “ur? jury 
w= s.wesa( 2) (Sf + 0.00081 55> /-0.00881 5 | + 0.00085 =) ae 


é - 


(A12) 
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Fig.1 Quartz crystal resonator 
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Fig.2 Sensitive axis and vibrational mode 
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Fig.3 Frequency versus load response 





Fig. 5 





Fig.4 Plating pattern 





Piezoelectric excitation of oscillation 
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Fig.6 Schematic of two-resonator accelerometer 





Pig.7? Heavy case accelerometer 
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Fig.10 Bridge oscillator circuit schematic 
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Pig.il Oscillator circuit 
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Fig.i2 Output mechanization 
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Pig.18 Prequency versus side load (non-beam balanced) 
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Resonator P111864-A3 
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Fig.19 Resonator frequency versus pressure 
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Pig.20 Resonator activity level versus acceleration 
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Oscillator Period - Power Supply Characteristic 
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Fig.23 Zero to one g linearity 
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SUMMARY 


The nuciear magnetic resonance (NMR) gyroscope described is a rate integrating single 
input axis instrument. It has no moving parts; many of its advantages, such as extreme 
acceleration tolerance and lack of reaction toques arise primarily from this feature. 
In addition, the nuclear gyro can accommodate large input rate and angle ranges. 


Certain nuclides pcssess an intrinsic an,ular momentum and hence a nuclear magnetic 
dipole soment. The sensing element of the nuclear gyroscope, low density mercury vapor, 
contains a collection of such atomic nuclei. This collection of mercury nuclei behaves 
very much like many microscopically small but excellent gyroscopes having bar magnets on 
their spin axes and without mechanical interactions with their surroundings. The apparent 
changes in the dynamic behavior of the collection of nuclei measured by the surrounding 
instrument when it rotates with respect to inertial space provides the rotation sensing 
information. More particularly, changes of precessional motion of the nuclear magnetization 
in a magnetic field during rotation of the apparatus are detected. 


The use of two different kinds of nuclei, '°°Hg and 20 lye, eliminates the need for very 
accurate control or knowledge of the magnitude of the applied magnetic field. NWR signals 
with large signal-to-noise ratios are obtained with only weak (1.2 gauss) magnetic fields 
through the use of optical pumping for orientation of nuclei and through optical monitoring 
of the precession motion. 


The instrumentation of a recently tested experimental model is described. In this model, 
phase comparisons between output signals from NMR controlled oscillators supply the rotation 
output information. Design factors affecting random drift rates and application ranges are 
discussed. 
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AN OPTICALLY PUMPED NUCLEAR MAGNETIC 
RESONANCE GYROSCOPE* 


James H. Simpson and J.A. Greenwood 


The optically pumped nuclear magnetic resonance gyroscope is a rotation sensing device 
that measures the integrated rate of rotation about a single axis. In this instrument, 
the rotation sensing element is a collection of oriented atomic nuclei. Aside from the 
thermal motion of the atoms there are no moving parts; therefore, the operation of the 
nuclear gyroscope should not be influenced by high accelerations and should create no 
reaction torques. Other desirable characteristics will be shown to be derived from this 
characteristic. 


In this paper we shall state briefly the fundamentals of operation, examine one form 
of a laboratory instrumentation, and discuss the operation and application of the gyro. 


Perhaps the basic motivation for the development of a nuclear gyroscope came from the 
simplified picture of certain atomic nuclei, which possess innerent angular momentum. 
These nuclei act in many ways as if they were microscopic spinning masses at the centers 
of atoms. The spinning motion requires no power input and the gimbaling is nearly perfect. 
Of course, since the nucleus is positively charged, it will also possess a magnetic moment. 
The ratio of the magnetic moment to the mechanical angular momentum is a characteristic 
of each nuclide that has angular momentum and is called the gyromagnetic ratio. 


In order to see how rotation information can be obtained from a collection of oriented 
nuclei, consider the dynamic motion of such a collection in an applied constant magnetic 
field H, , as illustrated in Figure 1. The net magnetization M is the resultant of all 
the individual magnetic moments. The general motion of the magnetization M in the mag- 
netic field is one of precession about the direction of the magnetic field. The preces- 
sional angular frequency is called the Larmor frequency and, as measured in a non-rotating 
frame, is «= YH, . Rotation information sensed arises from changes in the phase of this 
precession when the observer's apparatus rotates about the direction of the magnetic field. 
In order to separate the shifts in phase due to rotation from those due to changes in the 
magnetic field, two kinds of nuclei may be used and hence two nuclear phases observed. 
Thus, knowledge or exact control of the magnetic field is not required!’?. 


A schematic drawing of the optically pumped NMR gyroscope is shown in Figure 2. The 
two nuclei with which the magnetic resonance is observed are the stable odd isotopes of 
mercury: '°°Hg and ?°'Hg. The mercury is in the form of a monatomic vapor (about 10°" mmHg 
pressure or ~10'? atoms/c.c.) and is contained in a cylindrica] cel] about 1 cm in each 
dimension. The mercury absorption cell is made of high-purity synthetic fused silica. 
The frequencies at which the signals occur are 1 kHz for '°°Hg and 369 Hz for ?°'Hg in 
the 1.2 gauss magnetic field that is used. The signals are obse-ved as the outputs of 
NMR-controlied oscillators in which optical pumping is employed to enhance the net nuclear 
magnetization and also to monitor the precessional motion of the nuclear magnetization. 
Optical pumping refers to the exchange of angular momentum between the circularly-polarized 
pumping beam and the mercury atoms. By this process the fractional orientation of mercury 
nuclei is enhanced by a factor of about 10°. The precessional motions of the magnetization 
cause the monitor beam to be modulated at the two frequencies. The signals on the light 
beam are converted to electrical signals, amplified, and fed-back to drive the magnetiza- 
tion in a steady precession. In Figure 3 we see a schematic diagram of the arrangement 
with which most of the test operations have been performed. 


* Currently funded through Contract NO0017-67-C- 2419. 
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Here the two beams have been combined into one beam at 45° with respect to the magnetic 
field with which both pumping and readout are accomplished. The iight from a single beam 
is divided into two beams to pump and readout two mercury cells, each of which contains 
both mercury isotopes. The two NMR-controlled oscillators are arranged with their constant 
magnetic fields pointing in opposite directions, so that rotations which add to the phases 
of the signals in one oscillator subtract from the phases in the other loop. The rotation 
information is extracted from the outputs of the NMR-cortrolled oscillators. This arrange- 
ment facilitates the phase comparison of the NMR signals and also tends to minimize the 
effects of light fluctuations. The NMR components are shown in Figure 4. The mode] shown 
has been subjected to test operation in the laboratory, as have several models that 
preceded it. 


Now consider the fundamental experimental parameters and their influence on gyro per- 
formance. Fluctuations in any parameter which lead to a deviation in the frequency differ- 
ences at the output of the spin generators will contribute to uncontrolled drift in the 
output of the gyro. The various sources of raiduw drift are listed in Table I. The list 
is divided into two parts. The first part contains those sources for which there is no 
correlation between the two spin generator loops. The second part contains those effects 
which need not be minimized on an absolute basis but only on a differential basis. 


Both the noise in the spin generator io.p and the fundamental magnetization phenomena 
lead to random fluctuations in the phase of the oscillations of the spin generators. The 
primary source of the noise in the spin generators is the noise arising from the photon 
beam and its detection. Its effect is minimized by achieving large signal-to-noise ratios 
in the magnetic resonance cells. Current values well in excess of 40 UB put this contribu- 
tion below several thousandths of a degree per hcur. 


The magnetization noise arises from the statistical nature of the collection of nuclear 
magnetic moments which form the nuclear magnetization. The effects of these fluctuations 
are minimized by attaining long NMR damping times and a very high percentage orientation. 
Estimates of this contribution? show this to be of the same order of magnitude as the 
shot noise. 


The phase stability of the electronic components, particularly the amplifier in the 
spin generator loop, determines the degree to which the output of the oscillator follows 
the ideal precessional motion of nuclear magnetizations. Through the use of large amounts 
of feedback, the desired stability can be achieved. 


A shift in the effective direction of the H, field, due to. let us say, a change in 
the ambient field, has two effects on the gyro output. The first is that it shifts the 
direction of the sensitive axis of the’ gyro so that it no longer coincides exactly with 
the externally labelled axis. A smal] amount of magnetic shielding can reduce this shift 
to the point of being not important. The second effect may be to introduce a phase shift 
through a change in the effective angle between the H. field and the light beam. A 
preferred relative orientation of the H, field coil and the light beams reduces this 
effect and makes it negligible. 


The observed Larmor frequency, that at which the magnitude of the resonance reaches a 
maximum and the phase shift achieves a medial value, is a function in an optically pumped 
experiment, primarily of the intrinsic gyromagnetic ratio and the magnetic field. It is 
also weakly dependent on intensity. polarization, and spectral distribution of the incident 
beams of light®. Through care in equalizing the light in the two cells, the effecta of 
changes in light intensity may be balanced in the two spin generators. This is accoe- 
plished in the apparatus that is shown by deriving the two beams of light from a single 
beam, through the use of the reflection polarizers. 


The parameters presented in Table I represent the aajor problem areas that have been 
identified and studied. In each case a satisfactory solution has been found to elisinate 
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or minimize its effect on the performance of the gyro. The more recent work has been 
concerned with the development of procedures and techniques which will result in the 
reduction of the laboratory instrumentation to one of practical size and power require- 
ments. The design of the latest models under construction shows these changes. 


Some of the desirable characteristics of the optically pumped NMR gyroscope are summa- 
rized briefly in Table II. Most of the characteristics are derived from the fact that 
there are no moving parts. The lack of moving parts should lead to a long operating life- 
time, relative ease of construction and maintainance, and low cost. Since all components 
of the gyro are firmly fixed in the structure, the instrument should be capable of operating 
and providing accurate readout during periods of very high accelerations. The absence of 
a large rotating mass also eliminates the possibility of a reaction torque being exerted. 
Since there are no gimbals forced to follow rapid motions, the gyro can accommodate the 
wide range of input rates and angles associated with strapdown applications. 


The use of any unconventional gyro in a guidance system should not be thought of as 
simply replacement of a conventional mechanical gyro. In order to fully realize all the 
unique advantages of a new device, the system integration should be thought through cos- 
pletely in terms of the component input and output characteristics; for example, in the 
case of the nuclear gyro, the full inforaation stored in the phase of the precessing nuclear 
magnetization should be utilized. 


At the present time, the studies of the nuclear gyroscope have demonstrated the validity 
of the concept of using two different nuclides in the same magnetic field to eliminate 
exact control of the magnetic field. Most of the worx on reduction toward a useful instru- 
ment has been accomplished, in that critical problem areas have been identified and practical 
solutions have been found. In the next phase of investigation. instrument evaluation, the 
range of performance characteristics of the instrunentation wil) be detersined. 


Through additional investigation of the fundamental phenomena associated with optically 
pumped nuclear magnetic resonance. improvements in bagic limiting parameters such as signal- 
to-noise ratios, sagnitudes of lamp shifts, and phase stability. would lead to e second 
group of nuclear gyroscopes with greater accuracy. smaller size. and reduced power 
consuspt ion. 


REFERENCES 
1. Simpson, J.H. Meporial d'Artillerie francaise, Vol.30. 3° fasc.. 1965. p. 463. 
2. Simpeon. J.H. Experimental Model Nuclear Gyroscope. AD 431-727. 


Ano. Phys.. Vol.7, 1962. bp. 423 and 469. 
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TABLE I 


Sources of Random Drift in the Nuclear Gyro 


. Noise in spin generator loop. 
. Magnetization noise. 
. Phase stability of electronic components. 


. Changes in effective direction of the constant 


magnetic field. 


. Light induced shifts in Larmor frequency. 


TABLE I} 


Characteristics of the Nuclear Gyro 


. Capable of operating and providing accurate readout 


during periods of high acceleration. 


. Wide range of input rates and angles. 
. No reaction torque. 
. Long operating lifetine. 


. Relative ease of construction and eainteinance., low 


cost. 
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Pig.1  Precession of nuclear magnetization about magnetic field 
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GYROMETRES LASER ET APPLICATIONS 


J.M.Catherin et B. Dessus 


1. INTRODUCTION 


Le principe du gyrométre a laser est msintenant bien connu des spécialistes de navigation 


et de guidage par inertie. Néanmoins, nous le reppellerons rapidement pour faciliter le 
coapréhension de ce qui suit. 


Un gyrométre 4 laser est constitué d'un tube dans lequel on produit un plasms susceptible 
d@'amplifier de la lumiére, ce tube étant placé dans une cavité optique feradée sur elle-alse. 


La forme la plus simple est un triangle constitué per des siroirs ou des prisees a ré- 
flexion totale. Nous avons, alors. un dispositif composed d'un amplificateur couplé a un 


résonnateur et soumis 4 une rétroaction presque totale puisque 97 & 90% de i’ dnergie daise 
per le tube y rentre de nouveau. 


Ce systéme et donc susceptible d’osciller. si le gain du tube ost supérievr auz pertes 
de la cavité. 


Le laser éaet alors deux ondes progressives qui parcourent le cavité en sens contraire. 
la fréquence d' oscillation eat celle qui aura les pertes sinimales: c’ est 4 dire, celle 
dont ie déphasage au cours d'une révolution eet un gultiple entier de 27 redians, ow encore, 
celle dont la longueur donde est sous sultiple de la longueur de trajet optique L . 


A trées peu de chose prés, c'est la cavité qui fize le fréquence. 


~ Si le gyromitre & laser est en repos ov en translation dane un espace absoly, le 
trajet des deux ondes progressives est le stee. les frédqueaces sont les sbues. 


~ St le gyromttre & leser est en rotation dens ce alee espace, une onde voit alors son 
trajet allonger, l'autre voit son trajet dicinver. lee deux fréqueaces ¢° ose! llatice 
sont différentes et. si l'on rend colinéaires les rayons tranesis per wa siroir, on 
obtient sur un détecteur quadratique un Dattesent dont ls fréqueace eat le différeace 
dee fréquences des deur ondes progressives. 


La fréquence de dbattenent est donnée par 


Avis wey, ef), 


v,. ¥, fréquence de checune des deur ondes progressives 
8 surface Gélinitée per le trajet de ces ondes 


P pébriadtre du trajet optique 


longeeur d° onde de travail. 
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De m@éme que ia fréquence est lide A in vitesse angulsire, la phase est lide a l' angle, 
et une mesure dangle peut se faire per simple comptage du nombre de périodes de battesent 
délivré par le gyrométre & laser at cours du belayage de cet angle, ce nombre étant indé- 
pendant de la vitesse de parcours: 


_ & 
NA, - 2%, = Xp 2 7%) 


En toute rigueur, l’ explication correcte du phénomene s’obtient a partir des principes de 
la relativité généralisée: ia vitesse de la lumidre n'est pas constante dans un référentie) 
tournant!!. 


Avant de poursuivre, citcns quelques ordres de grandeur en prenant par exemple le gyro- 
mitre & laser Hélium Néon fonctionnant sur une raie de longueur d’ onde 632% i 


fréquence: by = 4.5010)" he 
largeur Doppter: a 
surtension de la cavité: quelques 10° soit une 
largeur de bande vy quelque- 10° Kz 


¢ 
largeur de raie de ]’ oscillation < 19°" . 107° Hz. 


Enfin, pour un gyrométre triangulaire de 15 ca de cAté on & sensiblexont 


Avw tc 2 


avec ‘Av en Hz et en degrés par heure. 39°: 


NTee AR, 


of § est le nombre de périodes comntées et -\x iz cdéplacegent anguleire en secondes d'arc. 


2. AVANTAGES DES GYROMETRES 4 LASFR 


Le gyromdtre A laser est un dispoeitif stetique: c'est ia preeidre caractériatique le 
différenciant des gyrombtres conventiomels 11 eat inutile d' inaister sur ies evantages 
que présente cette prooriéé. 


Le gyroudtre A laser a une dynamique trda dtendue avec une exceliente liogarité: eatre 
quelques centaines de degré.heure et 10'S) incit $00 tan environ) les dcarts de Liadarité 
sont inféricures i 10°°. 


Le gyronitre A laser fournit ees eesures directraent sous foree digitale. fréquence pour 
les vitesses, nombre @ impulsions pour les angles. Pour un gyrosdtre leser triangulaire 
de 15 cw de cOté. on abtient siséarnt une césclution de i de seconde ¢ arc. 


Le traitesent des mesures par calcul est donc perticulidreasat aisé. On évite en par- 
ticalier le probléme de l’' exploitation des faiblee signaaz analogiques. Le gyroaeétre a 
laser est faiblewent seasible A la teapérature et. per principe. insensible auz sccélére- 
tions et vibrations. La limite pratique de cette insensibilité eat domnti par ia rigidité 
de le structure optique. cette rigidité pouvant @tre portée A on dezré trés élevé. 


Gafin. la durée de vie est celle du Cube laser. c'est 4 dire piupieurs aillie-s ¢heares. 
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3. LES DIFFICULTES DU GYROMETRE A LASER ET LES SOLUTIONS POSSIBLES 
Prises par ordre d’ importance au niveau des principes, ces difficultés sont les suivantes: 


- Phénoméne de couplage entre les ondes optiques 
- Non réciprocité du trajet optique dans le mi):eu amplificateur 


- Conservation de l’alignement du trajet optique malgré l’ influence de la teapérature, 
des vibrations et des contraintes mécaniques. 


Reprenons dana }' ordre inverse chacune de ces difficultés en explicitant le probléme et 
en citant les remédes déja utilisés ou & 1' étude. 


La précision nécessaire d’alignement des miroirs cu prismes d'un gyroudtre a laser est 
de l’' ordre de quelques secondes d’arc. On voit tout de suite le réle que peuvent jouer le 
température et les perturbations aécaniques sur une cavité optique sal congue. De plus, 
nous verrons par la suite qu’ i) n’est pan suffisant de rester dans les conditions d’ oscillse- 
tion du laser. mais qu'il faut @ cette oscillation une grande stabilité de puissance et de 
fréquence si l'on veut atteindre une certaine précision. I] existe actuellesent plusieurs 
Solutions persettant d' obtenir des structures optiques trés rigides et stables er teapéra- 
ture. Zlles ont en commun de supprimer les réglages d‘alignement des miroirs ou des 
prisees. ceux-ci dtant directement collés sur une piéce massive en quartz ou en granit. 11 
eat néenaoins trés utile, dans certeines applications, de conserver un éléaent optique 
wonté sur une céramique piézo électrique et d’avoir ainai la poesibilieéd de stabiliser de 
fagon tréa précise la longueur de cevit< et. par conaéquent. la fréquence d’ oscillation. 
Ces solutions peuvent donn- ay gyrouétre & laser une nette supérioritd pour 1 application 
aux engins & fortes accé) drat ions. : 


Dane la technique que cous utilisona, ocus dispesona enn te) élément pidzo-électrique. 
La linite de lu variation te teapérature adaissible aur ¢ gyroaétre i laser sera déterninge 
per ie correction wexieale de longueur que l'on peut odtenir de 1’ éldwent pidzo. soit une 
dizaine de microns. La variation correspondante de teapérature est d'une dizaine de dearés 


| centigrades avec un support en grenit, quelques dicaines avec un support en quartz. 


32 est possidle que dans une tape ultérieure. on soit savaé a stabiliser le tespérature 
pout pousser le gyrometre 4 sa oréciaion ultine. lorsque Jea erreurs du secocd ordre dues 
aux variations de teapérature ne seront plus odgligesbles. 


Nous avons cité en second iieu. une difficulté soins connue des gyronttres i leser: ja 
variation non récipreque du trajet optique dans le eilieu amplificateur * 


En effet. nux déduta des étodes sur le gyroedtre & laser, lea efforts ont porté essen- 
Liellewent sar les prodléees de couplage et sur le recherche de diverses séthodes de fur 
Aro permetiaat de contourner is difficulté. Par la acits. on s'est intéreseé i ces) 
phéronines te non réciprocité car leur influence sur lex erreurs du gyrcettre ad laser 
8’ Matent plus aégligeables. 4 mesure que i+x gyrosdtres a. laser gagneront en précision, 
ces piénomines prendront woe iaportanace de plus en plus fondasentaie. 


La relation v= (48’AP)% mest exacte que pour une cavité passive. car le eailieu . 
amplificateur peut introduire une cifférence de trajet optique qui vient se composer avec 
celle iatroduite par sae rotation. 


Ee effet. nows avons dit que le gain de ce siliew s'est pas constant avec la fréqucuce. | 
La caractéristique est sensidbleerat celie de 1° flargissenent Doppler de Is raie d' éaission, 
c'est A Jire ase Gacesienne. Dans le cae dee filtres ¢iectriques, Bade « sontré gu’ une 
variation de le transmittance avec le {r‘quence s‘ accompagnait d'une variation de phase. 

De afee, ies relations de Kraeers Kronig sostreat dans le cas des didlectriques qu’ une 
variation d absorption avec le fréquence s‘ ecccmpagee d'une variation d' fadice 
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Le phénoméae est le méme en émission stimulée, donc dans le cas d'un gain (Fig. 1) 


Cette variation d’ indice, qui est trés faible, va engendrer une variation de longueur 
de trajet optique, proportionnelle 4 la longvevr du milieu amplificateur traversé. 


La formule précédente devient alors 


4S CL, in ,) = nee)! 
ny pov, = Hq, Saleen ae! 
_ xP \P 


od Ly est la longueur du milieu amplificateur traversé et n(:) est l' indice du milieu 
en fonction de la fréquence optique. 


Cette fonction est tabulée et s’ appelle fonction de dispersion d’un plasma. Son 
expresaion analytique est assez compliquée et nous en prendroas un développement limité 
valab’ > au voisinage du centre de la raie {ce qui correspond effectivement a nos conditions 
de travail étant donné qu: ncus employons un mélange moit.ié moitié de Ne,, et de Ne,, 
destiné a éviter la compétition entre les deux ondes progressives dans cette zone de 
fréquence). 


Un calcul simplifié destiné seulement a donner des ordres de grandeur donne 


ve 


G sec Sd 
n(v) = 140.5 x 107° Oo} asl | bs € “2 
Avy 6, | L Avy 


Cette formule a été obtenue en prenant un gain de 4% pour le laser. Les bases de ce 
calcul peuvent se trouver dans la Référence 3. En portant cette formule dans la précédente 
et en supposant que VY, est maintenue égal a Vv. par l’asservissement de fréquence on 
obtient 








4S 1 
Av = tv. -v, = 


ha | 
: AP CL, (0,5 10°° AG Veo Se TS 
1- ede) ( S) 1(~= 2) 
Avy AP G, Vp 


la signification de vv, et Av, a été donnée plus haut, le facteur 1 + SG, indique 
l’ influence d'une variation de gain AG autour d’ une valeur G. de ce gain. 


t 


Donnons une application nunérique: 


avec C , vitesse de la lumiére = 3 x 10°m/s 


X = 0,6 10°°m 


L, = 0,15 m 
P = 0,45 m 
Avy = 10° kz 


2x 10° 


2x 10° 
Avy 


‘ 2 
1- 10°°(1 + nai) - (=) | 
i 
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avec * en rad/s soit 


Co 
2 
1 - 10°7(1 + AG/G yp (=) | 
“0 10° 


si l’on exprime <2 en degrés par heure. L’écart de linéarité ¢€ est alors 


2 


m2 
ae 


c = ad) 
€ = 10 10° 


Ce résultat montre que méme pour des vitesses aussi élevées que 10’°/h l’erreur de linéarité 
€ = 10°’ sera tres faible. Les variations de gain auront une influence beaucoup plus 
importante en modifiant le facteur d’ échelle. 


A cela s'ajoutent les effets de saturation que présentent tous les oscillateurs. Dans 
le cas des lasers employés pour les gyrométres, la raie d’ émission est inhomogéne, c’ est 
a dire que la variation de gain engendrée par la saturation reste localisée autour de la 
fréquence d’ oscillation au lieu de se répartir sur l'ensemble de la raie. 


Cela signifie que les distorsions dans la courbe de gain, donc dans la courbe d’ indice, 
sont relativement marquées. Le trajet optique de chaque onde dépend donc du degré de 
saturation qu’elle provoque dans le milieu amplificateur, donc de la puissance, ou encore 
de la différence gain moins pertes de la cavité pour ce sens de propagation. Les pertes 
peuvent, en effet, 6tre légérement différentes pour les deux sens de parcours 4 cause des 
phénoménes de diffusion. 


La différence de trajet ainsi obtenue se manifeste méme a vitesse de rotation nulle, 
c'est a dire lorsque v, =v, . Pour ces probiémes voir les Références 4-6 et 8. 


Ces phénoménes montrent qu’il est nécessaire de stabiliser au mieux la fréquence 
d' oscillation, le gain du laser et les pertes de la cavité. 


La stabilisation de fréquence, peut @tre obtenue, soit en comparant la fréquence optique 
du gyrometre a celle d'un laser stabilisé annexe par hétérodynage optique, soit en stabi- 
lisant le gyrométre sur lui-méme, c’est a dire au sommet de la courbe de gain du milieu 


amplificateur. 


Les deux solutions ne présentent pas de grandes difficultés et les résultats sont 
satisfaisants. 


La stabilisation du gain implique 1’ emploi d’alimentations stables et la stabilisation 
des pertes est une affaire de rigidité et de propreté de la cavité optique. Mais, cela 
n'est pas suffisant pour certaines applications. I1 est alors nécessaire de mesurer les 
variations résiduelles et d’ introduire une correction appropriée. 


On a calenlé une formule théorique reliant divers paramétres importants; elle a la 
forme 


qd 


‘ tt) 
Rey. Oe yk = 8 Tag er pen ae A 


avec 1, -, fréquence mesurée, F 


oy - F, fréquence corrigée, 1 


' , et I, puissance des 


deux ondes. A. B and C_ sont des paramétres dépendart principalement du gain de la 
fréquence et de civerses constantes physiques du milieu amplificateur, mais ne dépencent 
pas des pertes de la cavité qu'il n’est donc pas nécessaire de connaftre. La fréquence 
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étant fixée par ailleurs, on peut mesurer des quantités proportionnelles a i, et I, 
seul le gain reste actuellement trés difficile, sinon impossible, A mesurer avec précision 
au cours du fonctionnement du gyrométre & laser. Cela n’est pas trés grave dans la mesure 
ou les variations de puissance sont dues beaucoup plus aux variations de pertes qu’ aux 
variations de gain. 


Cette formule va @tre vérifiée expérimentalement et dans la mesure oi elle fournire des 
valeurs invariantes de A, B et C pour un laser donné, on pourra ensuite corriger la 
mesure donnée par le gyrométre par un calcul fait en temps réel. I1 est, en effet, de 
loin préférable d’effectuer une correction par calcul que de fixer I, et I, A des 
valeurs de consigne par un asservissement. Celui-ci apporte en effet plus d’ inconvénients 
que d’ avantages. 


Nous avons piacé en dernier lieu 1’ étude du phénoméne de couplage car le choix des 
solutions a ce probléme dépend en partie des considérations qui ont précédé dans 1’ étude 
de la non réciprocité des trajets optiques. 


On a observé, depuis longtemps, qu’en dessous d’ une certaine valeur de la vitesse de 
rotation, le battement disparaissait totalement, ce qui signifie que les deux ondes émises 
par le laser sont & méme fréquence, bien que les trajets optiques vus par chacune d’ elles 
soient légérement différents. Ce phénoméne est imputable en premier lieu aux imperfections 
des éléments optiques placés sur le trajet des deux ondes et en second lieu aux caractéris- 
tiques du milieu amplificateur lui-méme. 


En efft, les irrégularités résiduelles des surfaces optiques provoquent la rétrodiffusion 
¢’une partie de 1’énergie incidente dans 1’ angle solide délimitant 1’ onde de sens contraire. 


La situation est celle de deux oscillateurs faiblement couplés dont le désaccord relatif 
décroft. En dessous d’ une certaine valeur de ce désaccord, les deux oscillateurs se syn- 
chronisent en fréquence et en phase. Dans un laser en anneau, au lieu d’ avoir deux ondes 
progressives indépendantes, on a dans ce cas une onde stationnaire. Bien que de valeur 
relative trés faible (quelques centaines de hertz de seuil pour 5x10!" hertz de fréquence 
d’ oscillation), ce phénoméne introduit un seuil de mesure de l'ordre de quelques centaines 
de degrés par heure qui rend le gyrométre & laser impropre a toute application de classe 
inertielle sans emploi d’ une méthode de faux zéro. 


La réduction du couplage est essentiellement une question de qualité et de propreté 
des divers éléments optiques et de simplicité de la structure. Tout élément ajouté sur 
le trajet des rayons lumineux est une source de rétrodiffusion, donc de couplage. De toute 
fecon, quelles que scient les précautions prises, on abaisse difficilement le seuil de 
couplage en dessous d’ une centaine de degré/heure, ce qui est de tras loin insuffisant 
pour éviter l'emploi d'un faux zéro. 


On a cherché de nombreuses solutions qui peuvent se ramener a deux types. 


Tout d’abord des moyens visant 1’ obtention au repos d'une fréquence de battement aussi 
stable que possible. Ces moyens sont équivalents a une vitesse de rotation constante 
ajoutée a la vitesse mesurée. 


Parmi ces moyens on peut citer l’effet Zeemann, l'effet Faraday et l’effet Fizeau?:*:*+* 


L' explication détaillée de ces différents effets sortirait nettement du cadre de cet 
exposé. Disons, simplement, que dans les deux premiers la fréquence de battement est 
proportionnelle & un champ megnétique. Ces deux effets ne s’obtiennent qu’ au prix d' une 
complication notable de la cavité optique et la stabilité du faux zéro est celle du champ 
magnétique. 


L’ effet Langmuir qui accompagne tout passage d'un courant continu dans un gaz provoque 
un effet Fizeau. Le courant électrique existe déja le plus souvent car c’est le moyen le 
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plus commode pour produire le plasma amplificateur du laser. I1 est donc tentant d’ utiliser 
cet effet comme faux zéro. Sa stabilité, qui dépend du courant et de la pression, est 
meilleure que 107". 


Ces procédés conviennent parfaitement pour mesurer des vitesses de rotation avec pour 
seule condition que la somme algébrique de la vitesse fictive correspondant au faux zéro 
et de la vitesse A mesurer ne soit pas inférieure en valeur absolue au seuil de couplage. 
Cela impose, soit de ne mesurer que des vitesses de rotation dans un seul sens, soit que 
la plus grande vitesse de rotation 4 mesurer soit inférieure a la valeur de la vitesse de 
faux zéro. Comme la précision du faux zéro est définie par une erreur relative et que 
les erreurs dues au milieu amplificateur sont aussi pour 1’ essentiel des erreurs relatives, 
de grandes valeurs de ce faux zéro peuvent conduire a une erreur absolue prohibitive. 

On peut aussi avec ce procédé mesurer des angles avec une bonne précision & condition que 

la mesure soit faite dans un temps court. Sinon, l’erreur engulaire étant égale alors au 

produit de l’erreur de vitesse et du temps de mesure, on peut aboutir & des valeurs impor- 
tantes de cette erreur pour des temps de mesure importants. C’est le probléme des mesures 
faites par intégration. 


Le second procédé consiste & obtenir ce faux zéro & partir d’ une vitesse de rotation 
mécanique dont l’ intégrale est cette fois directement mesurable puisque c'est un angle. 
Remarquons tout de suite que dans ce cas, si l’on utilise le gyrométre en mesure d’ angle, 
la vitesse de rotation mécanique produisant le faux zéro n’a pas besoin d’ tre constante. 


Citons tout d’abord le procédé mis au point et utilisé par Honeywell qui consiste a 
faire vibrer l'ensemble de la structure au tour d’une position fixc. Ici, pas de probléme 
de mesure du faux zéro puisque 1’ angle moyen de rotation est nul. La mesure est obtenue 
en effectuant la soustraction du nombre d’ impulsions délivré par le gyrométre au cours de 
sa rotation dans un sens et dans l’autre. A chaque demi-période, le gyrométre passe donc 
dans la zone de couplage. 


Il existe ensuite deux autres procédés, l'un consistant a faire tourner le gyrométre 
autour de son axe sensible et & obtenir la mesure en effectuant la différence entre 1' angle 
mesuré par le gyroméetre et l’ angle décrit par le gyrométre par rapport au support. Un 
procédé similaire consiste a faire tourner une lame transparente traversée par les rayons 
lumineux du gyrométre. A cause de l'effet Fizeau, le trajet optique parcouru par les 
deux ondes est différent. 


La rotation de la lame est équivalente A une rotation fictive du gyrométre, et il existe 
un rapport bien défini entre les deux ne dépendant que des dimensions géométriques. 


Une solution intéressante consiste a faire tourner réellement ou fictivement le gyro- 
métre a laser & vitesse sensiblement constante par rapport & un référentiel de Galilde, 
c’ est-a-dire a fréquence de battement constante. I1 suffit d’asservir la vitesse de 
rotation du gyronétre par rapport & son support de facon a maintenir la fréquence de 
battement A une valeur de consigns. 


Cette méthode a l' avantage de résoudre le probléme de dynamique de mesure posé par 
1’ existence de la zone de couplage, le support peut étre animé d'une vitesse absolument 
quelconque. D’autre part, la fréquence de battement est fixée & une valeur suffisamment 
élevée pour se situer en dehors de la zone de non linéarité et de fluctuations dues au 
couplage, mais assez basse pour que les variations de facteur d' échelle engendréez par 
les variations de gain ou de puissance ne produisent qu'une faible erreur absolue. La 
fréquence choisie serait de l’urdre de quelques kilohertz. 


On perd évidemment l'avantage du systéme purement statique, mais i] faut remarquer que 
les performances requises de l'asservissement de vitesse sont trés faibles, étant donné 
qu'il n'y a pas d’accélérations angulaires a compenser (donc peu d' énergie a dépenser) et 
qu’ une erreur de vitesse de 20 ou 30% n’aurait pratiquement pas d’ influence sur la préci- 
sion du gyronétre. 
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4. DIVERSES APPLICATIONS 


Suivant le type d’ application recherché, le gyrométre & laser pourra étre réalisé sous 
des formes et utilisé dans des systémes relativement différents. 


Dans des problémes tels que la mesure d’ angle dans un temps bref, le chercheur de Nord, 
la stabilisation d’eugins, dans lesquels la notion de dérive a peu d’ importance, ou bien 
il est inutile d’ introduire un faux zéro, ou bien celui-ci n’a pas besoin de stabilité a 
long terme. On pourra utiliser, par exemple, l’ effet Fizeau de la décharge. 


Dans les problémes de conservateurs de cap ou de navigation par inertie, la notion de 
dérive est au contraire essentielle et 1’ on aura recours aux moyens cités plus haut pour 
avoir un faux zéro stable et corriger les dérives dues au laser lui-méme. 


5. APPLICATION AU CHERCHEUR DE NORD 


Avant de conclure, nous décrirons rapidement une application particulié@re du gyrométre 
& laser: le chercheur de Nord. Le probléme est bien connu; il consiste a déterminer la 
direction de l’axe des péles par une mesure de la rotation terrestre. Les propriétés de 
linéarité et de faible temps de réponse du gyrométre a laser permettent d’ adopter une 
méthode dynamique de mesure éliminant 1’ effet de la dérive. 


On fait tourner le gyrométre a laser autour de son axe sensible. I1 donne alors une 
fréquence de battement qui varie proportionnellement au produit scalaire n.o!, ob n 2st 


rm 


le vecteur unitaire porté par la normale au gyrométre a taser et {© le vecteur rotation 
terrestre. 


Ce signal est donc une fonction sinusoYdale de l’ angle de rotation imposé. 


f = keos(a-9) , 


avec ¢ l'angle compris entre la direction repére et la direction du Nord. 
Si on effectue en temps réel le calcul d’un point de la fonction de corrélation du 
signal obtenu et d’une fonction sinusofdale de l’angle & engendré par un codeur angulaire, 


on obtient 


1 ann sing 





= kcos (4 ~ 4) sinada = k = eZ ‘ 
2n7r ¢o 2 2 


si ¢ est petit. 
Comme on connatt k on peut déduire l’ angle # repérant la direction du Nord. 


Cette méthode donne un rapport signal/bruit croissant proportionnellement au temps de 
mesure et permet donc d’éliminer assez rapidement les erreurs aléatoires. 


On peut espérer ainsi obtenir des précisions convenabies dans des temps nettement plus 
courts que ceux nécessnires a une mesure faite avec un gyro mécanique. 


6. PERSPECTIVES 


On peut considérer les limites ultimes des performances des gyrométres laser sous deux 
aspects différents. 
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Les limites purement théoriques ne dépendent que de la largeur de raie de 1’ oscillation 
laser. Cette largeur est teilement faible, qu’elle n’a pas encore pu étre mesurée et son 
calcul exact nécessiterait une théorie quantique compléte du laser en anneau. La théorie 
quantique actuelle n’est que partielle. 


Néanmoins, on peut situer cette limite en dessous de 10°° & 10°’°/h (Ref. 10). 


En fait, les limitations pratiques viendront des possibilités de stabilisation ou de 
mesure des variations non réciproques du trajet optique dans le plasma amplificateur. Il 
est impossible de fixer actuellement des limites mais on peut espérer avoir dans un proche 
avenir 10°? voire 107°9h. 
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STATUS AND FUTURE OF FLUID COMPONENTS 


D.L. Wright and W.G. Wing 


1. INTRODUCTION 


1.1 General 


The majority of inertial instruments produced today 4 over the last two decades have 
employed a rigid hody, either spinning or otherwise, as their sensitive element. However, 
many of us have reflected on alternative approaches to this problea and to the problems 
involved in constructing such instruments. A mass of fluid is potentially attractive as 
&@ gyroscopic element since designs can be envisaged which require no mechanica] bearings 
for the support of the spinning element. Furthermore, precessional torques affecting the 
direction of the momentum vector can be sensed by means of pressure transducers which are 
non-critical from a mechanical design point of view. Acceleration-sensing devices can 
also be envisaged using both spinning fluids and pressure or capacitive sensing techniques. 


While the basic concept of such fluid instruments is siaple, one does not obtain a 
usable instrument without the usual long drawn out battle with nature. 


The increasing interest throughout the past decade in fluid sensors of a gyroscopic and 
acceleration sensitive nature arose initially as a result of possible applications in the 
stringent high g environsent of short range. high acceleration aissiles. Early designs 
and applications of such fluid components are describea in this paper. 


Particular exemples of fluid gyros and accelerometera are described and their performance 
analysed. 


The most commonly discussed fluid gyros are those eaploying the angular somentum of a 
spinning body of fluid. The fluid body in the most simple configuration is cuntained 
within a spherical cavity internal to a spinning case. The basic time constant of such 
eyros determines whether the instrument is used in either a “rate” or “displacement” aode. 
A further group of flnid gyros are those depending on the direct measurement of Coriolis 
acceleration. In these instruments the input angular velocity with a reference to inertial 
space is sensed by measuring Corioiis forces constraining a fluid anss relative to the 
rotating base of the instrument. It is possible to onvisage instruments generating either 
trensiaticnal aornentum (oscillatory or otherwise) or rotational somentus to sense such 
forces. 


Various types of fluid accelerometers have been designed. using the fluid itself either 
as the sensitive mass or as the sensitive aass-supporting sediun. 


The information presented here, on the range of sensors described, has been collected 
frog various sources, including the Bendix Research Laboratories, Aviation Electric Limited, 
the National Water Lift Company®. the Douglas Aircraft Company Inc. and the aperry Gyroscope 
Company, together with information available from various patents and publications. 





* A division of the Preumo Dynamics Corporation. part of Natronsics. 
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1.2 Why Fluid Instruments? 


The sain reason in the past for considering the fluid instrument approach has really 
arisen from environmental considerations. Extreme conditions of shock, vibration and 
temperature have been typical of the early applications which were conccived. Extremely 
low g and g’ sensitivities can be obtained in certain fluid gyroscopic designs. 
Advantages claimed for such devices are short reaction times, high over rating capability 
during gyro run-up, the possibility of eliminating temperature controls and reducing cali- 
bration requirements. Also, long-tera storage capability, radiation resistance, bearings 
external to the sensitive elements eliminating certain mass shift effects, high reliability 
due to low bearing speeiis and ability to effectively lubricate bearings all assist in 
obtaining a highly reliable device. 


Accelerometers using fluid as the sensitive element have also been developed for reasons 
similar to the above, ruggedness in the face of stringent environments. The sensing systee 
can be made non-pendulous and inherently isoelastic, resulting in very low g/g cross- 
coupling and ¢.’g? errors. 


1.3 Status and Applications 


The development and performance of some of these fluid s«nsors has reached the stage 
where applications in the following fields may be considered, for some of the following 
reasons 


Tactical Missile and Aircraft Guidance - High accuracy and inherent g- insensitive 
performance combined with low cost. simplicity. mainteinability and ruggedness. 


Stabilisation and Control - Wide dynamic range, low rate threshold and good dynamic 
response. Redundancy can be obtained by using two-degree-of- freedom rate devices. 


Special Applications - High @ designe with littie or no trade-off in accuracy can be 
achieved, such as are required for anti-missile missile applications. Certain devices 
have been developed suitable for space vehicle stability applications. 


Purther developments into the performance range suitable for longer tere applications 
are now envisaged. 


2. TYPES OF FLUIO INSTRUMENTS 


Fluid Sphere (yros - Using the engular eomentua of a spinning sphere of fluid. The 
eapherical cavity containing the flu'd is sometiaes completely filled. in some designs only 
partly filled. The fluids used have ranged from low viscosity fluorochesicals to sercury. 


Fluid Tube Gyros - Gaployiag a spinning closed hollow tube filled with liquid. Diaphrages 
across the hollow tube restrict the fiow of liquid around -he tube. A pressure is produced 
actoss the disphrage as a result of Coriolis acceleration of liquid in the tube. The 
acceleration is similar to the Coriolis acceleration acting on the particles of @ con- 
ventional gyro wheel. A similar device can be envisaged Using a rotating annular body of 
mercury. 


Vortex Rate Sensors - 1a such devices the fluid used has noreally becn in the gaseous 
state, to which a acasure of the angular rate of the instrument housing in transnitted. 
The change in tangential velocity imparted to the gaseous stream causes the latter to 
spiral inwards towards axia of rotation. The change in tangential velocity is amplified 
as the gas goves inwards towards the rotation axis, due ts the conservation of engular 
momentum. Various techniques have been proposed to sense the change: in redial and 
tangential flow as a measure of the app.ied angular rate. A aynonyaous liquid device has 
been proposed, the spiral stream of fluid driving a peddle sheel free to rotate about the 
input angular rate axis. 
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Vibration Gas Rate Sensors ~ A longitudins] sonic standing wave is maintained in a 
cylindrical cavity. Rotation about an axis transverse to this cavity is measured by 
pressure sensors such as sicrophones placed in the cavity on either side of the nodal 
point of velocity. Such instruments are another example of Coriolis acceleration sensors. 


Free Surface Fluid Accelerometers - Sense the changes in shape of the free fluid surface 
interna] to a spinning container partially filled with fluid. 
constructed. The fluid is the actual test mass. 


A three-axis device can be 
Accelerometer with Fluid Suspension - Two- and three-axis units in which fluids are used to 
dynazically support a solid test mass with reduccd or near zero suspension friction. 


These and various other approaches to the problea of measuring angular rates and linear 
accelerations are described in gore detail below. The possibility of combining a capability 


for measuring both types of input, accelerations and argular rates, within one instrument 
is mentioned. 


3. GYROS 


3.1 Flatd Rotor Inst resents 


Since the early 196% s several organisations, mainly in the USA have been working on 


such instruments. Advantages claimed for them, compared with s iid rotor devices are as 
follows: 


‘Aceurate mass balance, since a uniform body of fluid has its point of support or centre 
of pressure st its certre of gravity. 


Inherent isoelasticity if the fluid body tx hwogeneous 


Absence of amass shift due to wear or bearing aoveacnt 


Absence of magnetic effects and torques induced by external magnetic flelds. 


Absence of rotor gimballing. 
Absence of couload friction effects 


Reduces signal and power transmission problea from sensitive element ‘i.e. absence of 
slip rings on drift-sensitive axes}. 


The requirewent for the fluid ta be homogeneaua introduces a possible probles an auch 
instruments, that of the appearance of thermal eradients acrosa th: body of the Muid 


resulting In a movement of its centre of gravity. If thia effect cecura, eens balance 
errora are produced 


Two possible methods of driving the fluid body are available. Rotation aay be imparted 
to the Cluid bady by rotation of the case (amounted on spin hearings’ containing the fluid. 
ty meats of ay external motor. Alternatively. by employing a conductive fluid. rotation 
way be ieparted by eddy current coupling sith an external, rotating eagnetic field. In 
the former sethod there is no dissipation of enerey in the fluid. reducing poasible thermal 
effects at the expense of additional aoving parts. 1.6. spin bearings. In the latter 
method cf iaparting rotation, dissipation of energy in the fluid body occurs due to Cr scous 
shear effects beteren the stationary case and moving flu'd. This can result in therseci 


gradients in the fluid body. however. on the credit side the number cf anving parts is 
reduced by ihe sbsence of spin bear: ngs. 


Fluid rotor gyros driven via cese action are in the claas cf instruments utilising the 
enguler momentum of @ spinning (luid mass - fluid gyros in ehich a rotation is imparted 
to the fluid by an external rotating sagnetic cr electrical field ehich reacts and couples 


ajith the fluiu are usualiy in the class of iestrumen:s configured to measure Coriolis 
accelerat tons. 















' 
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Combinetion of these two methods of imparting rotation can be envisaged but has usually 
been ruled out on account of increased complexity. 


3.2 Fluid Sphere Gyroscope 


3.2.1 General Principles 


Such an instrument is illustrated in Figure i - consisting of a cavity completely filied 
with fluid of low viscosity (1 centipoise at room temperature). In fact, a fiuorochemical 
was used. The spherical cavity is rotated on bearings by the external motor causing che 
liquid to rotate with it at the same speed. 


In the absence of viscous shear forces the spinning fluid would generate an angular 
momentum vector which, once established, would maintain its spatial direction for small 
space rotations of the case. However, viscous shear forces are present, since relative 
motion occurs between fluid and case for any relative angular displacement vetween the 
spin axis of the fluid and the case. The shear forces produced result in a torque on the 
fluid body, precessing it into alignment with the spin axis of the case. Relative angular 
displacement is a transient effect, decaying exponentially according to the transfer 
function 


K . (1) 


h T + : 2 (2) 
where ee 
5 (=) 





and T = time constant (sec) 
R = radius of the spherical cavity (cm) 
= spin rate (rad/sec) 
v = kinematic viscosity (stokes) 


The device may thus be regarded as either a rate gyro with a delay in its response or 
as a displacement gyro for high-frequency inputs and a rate gyro for long-term or steady- 
state inputs. 


The liquid rotor acts much like a soJid ball having a diameter slightly smaller than 
that of the cavity. This ball is separated from the cavity walls by a thin lubricating ‘ 
layer of the liquid. It is evident that to make use of the gyroscopic properties of this 
“free rotor” some means must be provided to sense the displacement angle between the spin 
axis of the cavity walls. 


Figure 1 indicates ports through the cavity wall at points about 45° removed from the 
spin axis of the cavity. It will be seen from this figure that, if an angle exists between 
the two spin axes, the ports are at unlike radii with respect to the spin axis of the 
liquid body, and for this reason the centrifugally induced pressures at the two ports are 
unequal. One half-revolution after the indicated condition, the two ports will have 
switched positions so that the differential pressure will have reversed sign. An alter- 
nating pressure, therefore, exists between the ports. A diaphragm placed in the connecting 
passage and arranged as a deflecting element in a capacitance bridge will sense a pressure 
varying at spin frequency. 


The output of the gyroscope is an a.c. voltage at spin frequency and has a phase angle 
which {8 a measure of the direction of the input rate in the plane normal to the spin axis. 
For this reason it is necessary, fcr proper signal interpretation, to demodulate the 
signal, using a reference voltage derived from an alternator coupled to the spin drive 
shaft. This alternator is built into the gyroscope. 
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By making use of two demodulators and two quadrature phases of the reference supplies, 
the signal can be broken down into two components which represent rates abouu a pair of 
orthogonal input axes. The simple electronicn necessary are shown schematically at 
Figure 2. One gyroscope thus does the work of two single-degree-of-freedom gyroscopes. 


3.2.2 Design Parameters 


A large sphere is desirable, since both the time constant and the generated pressure 
increase as sphere size increases. In one such instrument, the SYG 2550 developed by the 
Sperry Gyroscope Company, a l-inch diameter sphere was the largest that could be used with- 
out sacrificing other important gyro element designs such as the symmetrical placement of 
the waistband transducers. 


Spin-speed selection is based on sensitivity, noise, and stability. The optimum speed 
for this gyro is relatively low as compared with solid rotor gyros. Although the generated 
pressure is proportional to the square of spin speed, the time constant decreases with the 
square root of speed. Also, vibrations are more pronounced at higher speed, and temperature 
gradients are greater. The present design operates at 6000 r.p.m. 


As already stated, the generated pressure results from a displacement between the fluid 
spin axis and the cavity spin axis. For a step input of case displacement about an axis 
normal to the paper (see Figure 1), the generated pressure in dynes/em? is given by 


P = p?R? sin Scos SsinQt , (3) 


where o is the fluid density in gm/cm? and 6 is the angular displacement in radians. 
For small values of 54, 


P = poR75 sinNt. (4) 


This differential pressure, sensed by the transducer, goes to zero when the displace- 
ment angle goes to zero. Because the differential pressure is alternating it is detected 
easily, and a static shift of the position of the transducer diaphragm produces no output 
signal. For this reason there is no hysteresis error or time-dependent bias error due to 
the transducers. Also, the null of the alternating pressure coincides with the zero dis- 
placement between the spin axes, even if the sensing ports are at unequal angles with 
respect to the cavity spin axis. 


3.2.3 Environmental Capability 


The device has been subjected to 100 g shocks, sustained linear accelerations to 40 g, 
sinusoidal vibration up to 90 g peak and acoustical noise to 136 dB. The eg’ sensitivity 
was found to be 0.03°/hr g? and the basic transfer function of Equation (1) was verified 
under constant amplitude angular vibration conditions from 0.1 c/s to 200 c/s. 


The diametrically opposed diaphragms around the waistband of the sphere were matched 
as closely as possible to the density of the liquid; hence they were essentially floated 
and almost insensitive to vibration. Furthermore, with the two transducer outputs being 
in phase, opposition under vibration additional cancellation is achieved, the diaphragms 
bow in the same direction for axial vibration and in opposite directions under the effect 
of the desired rate input. 


3.2.4 Anisoelasticity 


The theoretical anisoelastic coefficient of the fluid sphere gyro is zero. The liquid 
used is compressible and, as a result, its centre of gravity will shift under the influence 
of acceleration. However, for a perfect sphere, this shift is always directly along the 
total acceleration vector. For an ellipsoide! cavity, there will be an extremely small 
drift error given by 
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-Ko7a 
= Ait fay av, (5) 
0 


where G = Grift rate 
K = compressibility coefficient 


/, = nominal liquid density 


a, = acceleration 
I, = moment of inertia of nominal sphere 
X,Y = principal axes. 


The term Posey dV is the product of inertia for the body and is zero for all axes of 
a sphere. For an ellipsoid it is zero if x and y are the principal axes, but not for 
other axes. 


For an ellipsoid that is almost spherical, the product of inertia about an axis at 45° 
to the principal axes is approximated by 


In] = fer, (6) 


ey) 
where € is the eccentricity. It is thus found that the drift rate from this source for 
an eliipsoidal cavity is given by 


8 & Kpyaze/n. (1) 


If Equation (7) is evaluated for the fluid sphere’s operating constants, the drift rate 
is 3.7 x 10°? deg/hr g”, so that, even for a very crude cavity (i.e. € < 0.01), the drift 
from this source will be of negligible magnitude. 


3.2.5 Linear Acceleration and Mass Unbalance 


Mass unbalance of the fluid sphere gyro is inherently low but is affected by thermal 
gradients along the spin axis. Experience has shown that a gradient less than 0.01°F/cm 
is obtained under extreme environments. If this gradient appeared in a liquid ball, drift 
of 0.8°/hr g would result. 


3.2.6 Performance 


Figure 3 shows a typical performance trace for the Sperry SYG 2550 gyro showing two 
axis outputs in cardinal orientations and under sinusoidal exposure of input axes to earth 
rate. The trace begins at the bottom. Recorder zero reading is measured first. Next the 
gyro is oriented with spin axis vertical; outputs are recorded for axis 1 North and South, 
then for axis 2 East and West. The gyro bias is obtained by comparing the mid-point of 
these readings to recorder zero for corresponding axis. The gyro is next oriented with 
spin axis horizontal. Outputs are recorded for axis 1 vertical and axis 2 East. Accelera- 
tion sensitivity is obtained by comparing these readings with those obtained with the spin 
axis vertical. A calibration for the trace is shown near the top. The gyro spin axis is 
vertical and the rate table is driven at % deg/sec, sinusoidally exposing the gyro’s input 
axis to the earth rate’s horizontal component, 22.6 deg/hr peak-to-peak. The swing of 
gyro output shown for axis 2 is 13 divisions; one division is 1.74 deg/hr. Using this 
calibration, average bias and g sensitivity for the two axes are found to be 0.7 deg/hr 
and 1.0 deg/hr g. The rate and displacement threshold for the test gyro can be found 
from the trace. Threshold is the minimum output about null that provides the expected 
output using nominal scale factor. Within limits of the measuring techniques this is less 
than 0.05 sec of arc. 
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3.2.7 Reliability 


From a reliability point of view, a fluid sphere has several advantages over a typical 
floated gyro unit. In a typical system, where three single-axis floated gyros are required, 
two fluid spheres will suffice, like any two-axis device. In the floated units, the maximum 
life of spin bearings is limited and failures are increased because of the higher rota- 
tional speed (12,000 to 24,000 r.p.m.)}, the fact that smaller bearings are required, 
theoretical lubrication requirements (necessary to avoid unbalance of the float), and the 
higher operating temperature of the bearings as compared to the fluid sphere. 


The bearings on the fluid sphere gyro are external to the sensitive element and there- 
fore position shifts in those bearings are not important. The bearings can be large and 
abundantly lubricated; furthermore, the optimum spin speed is low, 6000 r.p.m. or less, 
leading to lower failure rates and longer life. 


In the fluid sphere gyro, the spin motor is external to the gyro case, and no delicate 
power leads (flex leads) are required. The failure rate of the spin-motor stators should 
be much lower than in floated gyros because weight and size are not critical; the motor 
is relatively large, it is easily cooled, and does not dissipate heat directly in the 
sensitive element. In addition, the stators use wire with heavy insulation and the end 
turns are not highly compressed. 


Assembly and quality control limitations in floated gyros lead to such problems as 
fluid contamination, seal leaks and bubbles, cracked jewels, and critical machining opera- 
tions. In ti.e fluid sphere gyro, seal leaks and bubbles are of some concern, but critical 
machining operations and complete freedom from micro~contaminants are not of primary 
importance. The fluid body is in inherent mass balance, regardless of the actual shape 
of the cavity, and contaminants (heavier than the fluid) will be centrifuged to the outer 
periphery of the sphere, which is not the primary area of interest. As previously men- 
tioned, the fluid sphere gyro has no float and, consequently, no jewels or pivots. This, 
from a reliability point of view, gives further emphasis to the parts count, which is 
favourably low. 


The effects of the features on an actual reliability assessment are shown in Table II. 
The mechanical assembly of a fluid sphere gyro is compared to that of a representative 
floated gyro in terms of parts population and failure rates. For a platform with three 
sensing axes, the reliability figure of merit using two fluid sphere units is more than 
four times that obtainable with three conventional single-axis floated gyros. 


The approach described has been pursued by the Sperry Gyroscope Company and actual 
hardware has been produced. The performance of such a device is shown in Table I indica- 
ting the typical characteristics that are designed for. Development work along these 
lines has also been carried out at Autonetics and Martin-Orlando. 


3.3 Fully Filled Cavity with Float 


An alternative way to sense the angular displacement between the spin axis of the fluid 
and the container is to place a low density rigid float in the fluid body, centred by the 
radial pressure gradients and forces in the spinning body. Axial restraint has to be 
provided by some other means, e.g. electro-magnetically. Electrical pick-offs can be used 
to sense angular displacement of a fluid body. Problems arising in this approach are that 
the axial position of the float must be precise, since the float represents an inhomo- 
geneity in the fluid and, if axially displaced, can cause mass unbalance. If the pick-off 
senses displacement between the float and a non-rotating member and the container, spin 
axis can be a source of error. 


A device of this kind was the subject of a patent issued to R.N.Smyth of Costa Rica in 
1928, US Patent No. 1890831. In America, the Arma Corporation have investigated this 
approach, 
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3.4 Partly Filled Fiuid Rotors 


Certain devices have been configured in which the angular displacement between spin 
axis and case is sensed by leaving a void in the centre of the fluid body. When spinning, 
the void in the fluid approaches a cylindrical shape and, in the absence of any input rate, 
the spin axis of the fluid and the container are coincident. Under the effect of an input 
rate the two spin axes diverge; the divergence can be sensed by a capacity pick-off. 
Problems arise with this type of instrument under axial acceleration conditions, the void 
becoming parabolic, leading to anisoelastic drift. Under acceleration normal to the spin 
axis the void becomes eccentric with respect to this axis and the pick-off could mistake 
eccentricity for angular displacement. Work was carried out along these lines in the late 
1950’ s at the Sperry Gyroscope Company. 


An alternative approach using a partly filled cavity is that taken by the Pneumo- 
Dynamics Corporation, part of Nortronics. A cavity is partly filled with mercury rotating 
at a high velocity. The mercury is contained in a spherical cavity supported by spin axis 
bearings and is driven by an external two-phase synchronous motor. FPiezo-electric pick- 
offs are used in tendem, situated normal to the spin axis. The spin axis shaft passes 
through the sphere; small paddles jut out from the shaft into the body of mercury and 
there are piezo-electric (ceramic) elements at the base of the paddles. Coupling of the 
angular momentum vector with the input rate results in the pick-offs generating a sinu- 
soidal error signal proportional to the applied input rate. When the spin axis of the 
rotor case and mercury body are different the paddles bend minutely, stressing the piezo- 
electric devices, thus creating the output signal which is brought out on slip rings. The 
phasing of the sinusoidal signal relative to the case is proportional to the direction of 
the input; Figure 4 shows this system in schematic form. 


A two-phase reference generator mounted on the spin axis permits the error signal to 
be discriminated and resolved into rate information along two orthogonal axes. Advantages 
claimed for this device are that the error signal being self-generating, does not require 
any external excitation, resulting in a low sensing threshold in the absence of pick-off 
quadrature and noise at null. Threshold is limited by the spin axis bearings because of 
the sensitivity of the piezo-electric crystal pick-offs. Devices are being developed 
replacing the ball-bearing suspension versions, which have now reached the hardware stage, 
by a gas-bearing suspension system. 


As rate sensors these devices have thresholds of 0.5°/hr with a maximum rate of 500°/sec 
in a package less than 0.7 in. in diameter and 1.9 in. in length. The company is con- 
sidering applications in stability augmentation of fire control equipment, platforms, 
antennas and flight control systems. Possibilities are being examined in the strap-down 
inertial field. Operation under stringent environmental conditions is envisaged; shock, 
vibration and mass unbalance are not thought to be problems. It should be noted that g? 
drift effects have to be carefully considered in partly filled devices. Theoretically it 
is possible to adjust these to zero by means of an exact degree of partial fill of the 
cavity. Typical performance characteristics of such devices have been published, as shown 
in Table I. 


A second approach using a partly filled cavity is that which the Universal Match Company 
were working on in the early 1960's. Here again, the fluid used was mercury. When this 
device was spun-up the mercury formed an annular ring, inside the cavity, about the spin 
axis, Permanent magnets located internal to the cavity provided a diametrical flux pattern 
across the ring of mercury, which acted as the primary of a transformer. The container 
or case of the device acts effectively as the core of the transformer system with a stator 
winding positioned about the spin axis as shown in the schematic of Figure 5. 


Any relative angular displacement or motion of the mercury ring relative to the permanent 
magnets, and hence to the container, results in a voltage being induced in the mercury, 
the primary of the transformer system, and hence an output voltage is obtained across the 
secondary winding. The case of such a device could be made of some soft iron material. 
Under an angular rate input orthogonal to the spin axis, the field and voltage induced 
into the mercury ring is oscillatory, 








3.5 Vortex @ros 
3.5.1 General 


Vortex gyros are one of a family of angular rate sensors which are currently being 
considered for missile, space vehicle, aircraft and torpedo applications. Complete fluid 
control and flight stabilisation systems can be envisaged to operate in environments where 
temperatures of 1000°F are likely to be encountered. The schematic shown in Figure 6 shows 
a stream of fluid injected through the porous case of a vortex chamber, about the longi- 
tudinal axis of which is applied the angular rate input of the carrying vehicle. Due to 
the conservation of angular momentum, the tangential velocity imparted to the fluid flow 
at the coupling element (porous case) is amplified as it spirals inwards towards the axial 
exit hole along the input axis. 


The angular velocity increases as the radius decreases. \virious methods of sensing 
the output have been employed. A hot-wire anemometer system could be employed as a very 
sensitive sensor of this change in velocity. As an alternative, pitot heads could be 
mounted in the exit orifice, arranged to measure the tangential velocity of the exiting 
gas, two heads being employed in anti-phase to sense whether the input is being applied 
in one direction or another. 


Aviation Electric Limited of Canada have developed a device of this type generating 
differential pressure signals proportional to the angular velocity input. Such a device 
has no moving parts and may be operated with air or other commonly available gases. Good 
dynamic characteristics are obtained and both the magnitude and direction of rotation are 
sensed by means of a push/pull tyie of pick-off. High reliability and potential low cost 
are claimed as advantages for these devices which mav be coupled directly into a fluidic 
ampiifier to obtain the desired output signal levels. Table I shows typical operating 
characteristics for such a fluid vortex rate sensor, Thresholds of 0.05°/sec with a 
dynamic range of 3000 can be achieved. A complete fluid state flight stabilisation system 
has been a subject of study by the Bendix Corporation and the Flight Dynamics Laboratory 
of the Research and Technology Division of the US Air Force. Figures 7 and 8 show a 
schematic of the flight system, together with the digital rate sensor employed. The system 
is briefly described below. 


3.5.2 Fluid State Flight Stabilisation System 


The need for a dynamic range of 500:1 in rate sensing, necessitating a marked improve- 
ment in a signal-to-noise ratio for pneumatic fluid rate sensors and amplifiers, prompted 
the selection of a digital sensing technique. The system chosen is shown in block diagram 
form in Figure 7. 


The direct use of the rate sensor pulse rate information would require very fast con- 
putation rates and was therefore abandoned in favour of a time unbalance or pulse width 
modulstion approach. The modulator keeps the information stored in the time domain while 
it is amplified and converts it finally at the servo input amplifier to an analogue signal 
with appropriate filtering, as show in Figure 7. 


Servo feedback of elevon position employs a pneumatic bridge pick-off technique com- 
patible with the fluid state summing amplifier. The vehicle rate information is ted 
directly to the latter from the compensation network. The vehicle rate signal ia not 
amplified by any analogue devices, in order to avoid degradation of the signal-to-noise 
ratio. The rate sensor is outlined below, further details of this system may be obtsined 
by reference to the paper by L.B.Tapling and J.F.Hall® 











* Progress of the US Aur Force, Research and Technology Division - FDL Program. Synthest« of a 
Pure Fluid Flight Control System. ~ AIAA/ION Guidance and Control Specialist Conference, 
Minneapolis, Minnesota, 16-18 August 1965. 
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3.5.4 Digital Vortex Rate Sensor 


The digital vortex rate sensor, show schematically in Figure 8, has an output which is 
a pulse train, the period of which is propurtional to the rate input. 


Operation of the vortex rate sensor can be divided into rate coupling, signal amolifica- 
tion, and pulse rate conversion functions. The rate coupling mechanisms transmit a portion 
of the angular velocity of the transducer housing to the fluid stream by means of a porous 
coupling element. The change in tangential velocity imparted to the flow at the coupling 
element is then amplified as it spirals inward towards the chamber exit hole, due to the 
conservation of angular momentum. The exiting tangential velocity varies the angle of 
the conically-shaped free jet leaving the vortex chamber. The proportional signal at the 
chamber exit, i.e., the cone angle, is converted to a pulse rate modulated signal by means 
of a specially designed pick-off. The pick-off generates a pulse train by charging a 
volume to some upper threshold, and then discharging it to a lower threshold. The lower 
threshold level varies with cone angle, and thus rate input, and specifies the duration of 
the pulse period, or the pulse rate. A typical output train illustrating the variation in 
pulse period due to rate input is shown in Figure 9. 


Typical sinusoidal performance characteristics of a digital vortex rate sensor operating 
on sitrogen gas are presented in Figure 10. 


To convert the rate sensor pulse output into a pulse width modulated or time unbalance 
signal, the rate sensor is biased by a tangential control jet which sets up a given biased 
or centre operating pulse rate. If this bias remains fixed, the addition of inertial rate 
will either increase the pulse rate or decrease it, depending on the direction of inertial 
movement. The time unbalanced rate concept requires that the bias should fully reverse 
its direction between each output pulse. For this type of rate sensor, the time required 
to fully reverse the bias should be less than 10% of the average period of an output pulse. 
Consider, for example, a time unbalanced rate sensor to be operated at a centre frequency 
of 100 pulses per second. Each pulse period is 10 milliseconds. Therefore, the time to 
completely reverse the bias should be less than 1.0 milliseconds. The bias reverse time 
is related to the rate sensor chamber filling time, and thus the chamber volume. A model 
designed for rapid bias switching is shown in Figure 11. In this configuration rate 
coupling and rate signal amplification are sacrificed to minimise the time to reverse the 
bias. 


3.5.4 Time Unbalance Converter 


Given a pulsating rate sensor whose output frequency (and interpulse period) is a func- 4 
tion of both pneumatic bias and inertial rate, a pulse network form is required which 
converts the rate sensor frequency output to a time-unbalance-modulated pulse train. 





In the basic network (Fig.12(a)), each sensor pulse (ouput C) switches the output of 
& complementing flip-flop (outputs A and B). The flip-flop outputs are fed back to oppos- 
ing control inputs on the sensor to establish the sensor bias direction. Since the 
flip-flop switches at each sensor pulse, the sensor bias direction also changes after each 
sensor pulse. Since the time between pulses is established by the vector sum of the bias 
and rate induced angular moments, rate alternately adds to the bias for one pulse period 
and subtracts for the next. Only the direction of the bias is alternated (the magnitude 
is constant) so thst with zero rates the alternate pulse durations are equal. The output 
of the network is the time-unbalance-modulated pulse train which exists at the flip-flop 
output (outputs A and B) (Fig. 12(b)). 


4. GYROS - CORIOLIS ACCELERATION SENSORS AS GYROSCOPIC INSTRUMENTS 


Several instruments have been designed and tested based upon the direct measurement of 
Coriolis acceleration forces. Most of the fluidic gyroscopic instruments with non-rotating 
cases are dependent upon such a measurement. 
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4.1 Rotating Fieid Instruments 


One such instrument is shown in Figure 13. An annulus of conductive fluid, such as 
mercury, is spun by the application of a rotating magnetic field applied to a conventional 
polyphase motor stator. Any input angular rate with a component about an axis orthogonal 
to the axis of spin of the mercury annulus will cause a pressure difference to appear 
between a pair of ports located at either end of the annulus. This pressure difference 
arises directly as a result of Coriolis acceleration effects. If the radius of the loca- 
tion of the pressure sensing ports is R and the axial length of the annulus of mercury 
is L, the pressure generated by Coriolis acceleration is 


P = 2ORLpo , (8) 
where Q = spin rate of annulus 

p = fluid density 

@ = input angular rate orthogonal to spin axis. 


Positioning two sets of pressure sensing ports at right angles allows input rates about 
two axes to be sensed. 


While such a gyro is attractive from its over-all simplicity and potential life, due to 
the absence of moving parts, power input requirements limit the value of {. The d.c. 
outrut pressure is also difficult to sense accurately at very low levels. Thermal problems 
may also be met in such a design if there is a large power input to the mercury or any 
other fluid used. 


In the early 1960's the Speidel Corporation worked along similar lines to the example 
above. Their approach vas to effectively sense disturbance in the flow pattern of the 
fluid by application of an angular rate input. Such disturbances cuased the eddy currents 
generated in the fluid to assume an asymmetrical pattern, shifting the magnetic field 
pattern, which could be detected via pick-up coils located on the stator. The output 
voltage obtained was at the supply, or spin excitation, frequency. 


As stated in the Introduction, an oscillatory angular momentum vector can be used in 
such devices if the spin of the fluid rotor in the above example is made oscillatory 
rather than a continuous motion. The pressure produced by Coriolis forces would then 
alternate at the oscillating frequency of the fluid. While making pressure sensing easier, 
the r2sultant spin momentum vector, or oscillatory momentum vector, is found to be lower, 
since the maximum value of % which can be obtained practically is reduced. Additional 
errors can occur in such e device if the pressure transucers also sense some part of the 
pressure required to cause the oscillatory flow about the annulus. Additiona! compensation 
techniques would have tu be developed to overcome this problem. 


4.2 Fluid Tube Rate Gyroscope 


Such a device senses the Coriolis acceleration forces set up in @ spinning tube of fluid 
by the application of angular rate input orthogonal to the axis of spin. Such a device, 
as described below, has been prcduced for the stringent environment of minsile applications 
and has been found to withstand vibration and shock levels up to several hundred ¢ . 


Pigure 14 illustrates the fluid tube gyro principle. [It shows a closed hollow tube 
filled with a liquid and a disphragw across a section of the tube blocking the flow of 
liquid around the tube. This assembly is mounted on bearings and spun by an external 
sotor. 


For any input rate acting on this device there will be a pressure \P produced acroas 
the diaphragm. This is given by 
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SPs GAs sin( te. 2), (9) 


where = area enclosed by centre line of tube 


A 
p = density of liquid 
Q = spin velocity 

a = input rate 

g@ = phase angle of output which indicates direction in space of rate. 


The pressure is the result of Coriolis acceleration on the liquid in the tube. This 
acceleration is comparable to the Coriolis acceleration which acts on the particles of a 
corventional gyroscope wheel. The pressure is sinusoidal and causes an oscillation of 
the diaphragm, which is sensed as the oscillation of a microphone diaphragm, and results 
in an a.c. voltage at spin frequency. This output is obtained for an input about any axis 
uormal to the spin axis and the angle ¢ is a direct measure of the space direction of 
the input rate. Use of a reference generator on the spin axis and phase sensitive detect- 
ion of the signal provides two output signals, one for each of two orthogonal components 
of the input rate. This device is, therefore, a two-degree-of-freedom rate gyroscope. 


The cutaway diagram of Figure 15 illustrates the fluid tube gyro. Four tubes, 90° 
apart, are shown with pressure transducers at their centres. The fifth tube, shown through 
the centre of the device, is the expansion volume for the liquid when the assembly is 
partially filled. Transfer of the spinning liquid between the tubes is by circumferential 
flow in the manifold volumes at each end of the tubes. This construction, rather than the 
basic model shown in Figure 14, is uged in order to obtain a two-phase signal, phase 
rotation information and the cancellation of vibration induced errors. For a very high 
acceleration environment, the gyro may be completely filled with fluid. Expansion bellows 
can be included. 


Typical electronics for processing the fluid tube gyro signal are similar to those 
show in Figure 2. The design described results in an instrument which has a very wide 
range and low threshold. The Sperry Gyroscope Company has investigated gyros of this 
type. 


4.2 Fluid Toroid Qyro 


Another form of fluid rotor gyro is shom schematically in Figure 16. This device was 
disclosed in US Patent 2953925 issued in 1960 to T.Yeadon. Piuvid is pumped around e 
toroid by use of two electro-magnetic pumps. The application of an angular rate input 
about a diameter of the toroid will cause precession torque about a diameter orthogonal : 
to the previous one, resulting in a twisting of the torsion bars on which the whole device 
is suspended. The angle of twiat of the torsion bara is a measure of the input rate 
applied. It is believed that the Boeing Corporation investigated thia device, using 
electro-magnetic pumps. The intention of the design is again to improve life and allow 
operation in high teaperature environments. It will be noticed that this device is a 
variation on the conventional rate gvroscope configuration. 


4.4 Vibratory Gas Qro 


One fina) device utilising the effect of Coriolis acceleration on an oscillatory fluid 
body is that disclosed by Granquist in US Patent 2999389 in 1961. This is show schenati- 
cally tn Pigure 17. A straight tube contains gas. the flow of which is caused to oscillate 
at the resonant frequency of the fluid in the tube. The tube acts in « sieilar manner ta 
an orgen pipe. The acoustic driver could be a loud speaker type of device located at one 
end. Other fluids could be used and this device could be regarded as being analogous in 
a translatory sanner to the oscillatory sonentus version of the sercury ennulus device 
previously described. 
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Rotation adout the axis transverse to the cavity is sensed by pressure transducers, 
such as microphones, placed in the cavity on either side of the velocity nodal point. 
Alternatively, the pressure difference at these diametrically opposed pcints can be sensed 
by a signal diaphragm, as shown in the attache? schematic. ‘he pressure difference ts 
given by 


P. - P; = AP = MW Da, (10) 


where 


Qo 
qi 


diameter of cavity 
= fluid density 


<= 
it 


instantaneous velocity of oscillating fluid 


e 
if 


input rate orthogonal to longitudinal axis. 


5. FLUID ACCELEROMETERS 


So fai 4 it has been possible to ascertain, very few fluid accelerometers have yet 
reached the production stage or have, in fact, even been configured in the fors of labora- 
tory hardware. The four examples discussed below fall into the two main categories 
described in the Intrcducticn, Those instrumeuts in which ths fluid is used to support 
the test mass, and thoSe instruments in which the fluid itself is the sensitive elerent. 


In general the former devices, those in «shich the fluid is used as the sensitive mass 
supporting media, appear to be mure complex in design and coustruction than the latter 
devices described adovo and their gyroscopic counterparts. Advantages which are claimed 
for most of the fluid accelerumeter acceleration sensing devices are a% follows: 


Long life capability, due co absence of sensitive aechanical support elements. 
Multiple axis sensing capability. 
Low cross-coupling and inherent jsoelas*icity elioiuating s/s? type of errors. 


5.1 A Morizontal Integrating Accelerometer 


This device is a single-axis sensing instrument ebich eliminates one of the advantages 
claimed above. Figure 18 represents the esaeutial wechan;cal ¢l ements of arch an 
accelerometer. If the cylindrical chamber ts aspinniag ia @ horizonte) attitude the float. 
being lighter than the surrounding fluid, ita radially centred. Keare the fluid is centri- 
tuged to the outer diameter and the float is brought into alignment with the spin axis. 
The float thus has no physical contact with the structural] elements. being supported 
entirely by the viscous fluid. thereby reducing friction ‘cvels to @ very low or near sero 
value. If acceleration is faparted along ithe spin axis. an invrtial forces equa) fo the 
product of the acceleraticn aultiplied by the effective ease of the float vill act on the 
float. Since the float is buoyant. having a lower density then che fluid, its offective 
pasa in negative and hence the inertial force tends to drive it In the direction of the 
acceleration rather than causing it to lag with respect to the outcr case, en @ saan ive 
body would do. 


As the float moves it will be retarded by the fluid resiatiag any displacement due to 
its viscosity. This resistance represents « velocity damping force eppeering in the fore 
of a pressure difference between the end faces of the float and viscous shear or drag 
effects along the cylindrica] surface, it only exists when the float is in. sation relative 
to the outer case. Por laminer Clow both the retardation effects mentioned are propor- 
ttonel to the absolute viscosity of the fluid and to the flat velocity with the chanber. 

A uteple equa.ion can be written to describe the loagitudinal eotion of the float in 
response to as steady-state axial ecceleration by equating the inertial reaction force with 
the viscous resistance force. 
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ma = Ky, (11) 
where m = effective mass of float (i.e. buoyancy) 
a = applied acceleration along spin axis 
k = constant depending upon float and chamber dimensions 
& = absolute viscosity of fluid 
Vp = velocity of float within chamber . 


Rearranging terms: 
ma 
v,o—. (12) 
ku 
This states that the float velocity is directly proportional to the applied acceleration, 
previded buoyance and viscosity remain constant. 


Notice now the result of taking zhe time integral of each side of this equation over 
some definite period, from zero to t 


t m t 
Vp, dt = — adt. (13) 
a ku 0 


On the left side, the integral of the float velocity will be a definite displacement 
X from the postulated mid-point starting position, while on the right the integral of 
acceleration will be the velocity component of the carrying platform parallel to the spin 
axis, so that 


m 
float displacement X = “i Vv, (14) 
jh 


where V is the platform velocity component. 


Thus the displacement of the float along the spin axis from its neutral position is a 
direct measure of the change of platform velocity in the same direction. The constant of 
proportionality, m/ku, can be varied over many orders of magnitude by selection of 
chamber and float dimensions, float buoyancy and fluid viscosity. It is thus possible to 
design an instrument having any desired relationship between float displacement and plat- 
form velocity, according to the expected velocity range of the vehicle. 


From the above it will be seen that the float position relative to its null with respect 
to the outer case represents platform velocity. Hence the float will only be in motion 
during a period of acceleration, a component of which is along the spin axis of the 
instrument. It will otherwise stay fixed in its displaced position as long as the vehicle 
velocity remains constant. The float will not return to its original starting point until 
the vehicle ceases to have motion parallel to the spin axis of the instrument. The instru- 
ment, in its final hardware form, utilises a variable capacitance pick-off as shown in 
Figure 19. The structural design is modified so that the float is annular in cross- 
section, centred about a central pillar or rod which carries one of the pick-off elements. 
The float is made of conductive material (aluminium) and the fluid is a dielectric, thereby 
allowing capacitances to be formed between the cylindrical surfaces of the float and the 
fixed case. As the float moves axially, two of the capacitances, CR and Cc. , vary 
linearly but oppositely with float displacement; the other two, C, and Cp,» are in 
variant with float displacement since they are always fully covered. The pick-off system 
is excited with a 400 cycle a.c. voltage. The float when displaced assumes a voltage, 
the ntagnitude of which is porportional to the displacement and the phase of which is de- 
pendent upon the direction of displacement from the central position. Figure 19 shows 
the introduction of a feedback loop to reduce coercive effects on the float arising by 
combination of the float voltage and the excitation voltage. The magnitude of the output 
voltage is given by 
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(C, - c) 


cae 
Cee 


(15) 


Temperature effects have to be considered in this kind of device. A Silicoae oil was 
used for the flotation fluid because of its flat curve of viscosity versus temperature. 
The buoyancy term in Equation (13) also varies, sinee the relative densities of the float 
and fluid change with temperature. However, both cerms in the ratio m/u vary in the 
same sense with temperature changes. It is thus possible to specify a float density which 
will result in a rate of change of buoyancy equal to the rate of change of viscosity at 
some desired operating temperature. Very close control of float density is still required, 
however, to achieve compensation near the desired cperating temperature and a heating 
element is also fitted to the instrument. 


Variations in gaps between the float and the chamber, and between tie float and central 
spool, can cause problems. Very close tolerances on run-out of the float have to be main- 
tained, posing speciai problems in dynamic balancing. Tiny distortions in gap thickness 
caused by radial float displacement, or by a tapered float or bore, can result in an 
intolerable scale factor variation for the instrument. These sources of error are removed 
by means of by-pass channels for the fluid, from cne end of the chamber to another. This 
technique also helps to overcome ant *reep of the float due tc thermel gradients. The 
general principle can be understwuu . "y easily by referring to Figure 20 and imagining 
two extreme situations: fit ‘ly, only a central by-pass tube present (outer tubes blocked) 
and, secondly, only tue outer channels precent (the centre tube being a solid rod). 


In the first case &1] the fluid moving to the left through the central bore would have 
to return through the float chamber, carrying the float with it to the right. In the 
second case the opposite wouli be true, the flow to the right through the outer tubes 
would ret:.rn io the left through the float chamber, moving the float in that direction. 
Thus, for the same co'.ditions of thermal gradient, opposite float motions could be induced. 
Evidently, by proper distribution of the flow between the inner and outer pathways, an 
equilibrium condition of zera net force on the float can be reached. The circulating 
fluid flow still exists, but all the axial forces on the float cancel one another, so that 
no erroneous motion results. 


Such a device was constructed in the late 1950’s by the Sperry Gyroscope Company. The 
performance of this device is shown in the typical parameters given in Table III. 


5.2 A Three-Axis Integrating Accelerometer 


Sperry have also configured a three-axis integrating accelerometer in which a single 
test inass is utilised to sense acceleration components along three orthogonal axes. The 
test mass ia a 3 inch diameter sphere having positive buoyancy in a fluid-filled chamber 
within a y inch aluminium cube. Closely surrounding the sphere, but not touching it in 
normal operation, are three pairs of spherically contoured support pads, each pair being 
at opposite ends of a spherical diameter, the three pairs forming an orthogonal set. The 
instrument is shown in Figure 21. 


An acceleration component along any of the three principal cube axes will result in an 
inertial displacement of the ball towards one or other of the two support pad faces associ- 
ated with the axis considered, Ball displacement is sensed by a capacitive pick-off which 
detects any departure of the sphere from its mid-position, and transmits a signal of 
appropriate phase and magnitude to an external serve loop which activates a screw-type 
hydraulic pump. The pump, also housed in the cube (one for each axis), generates a fluid 
pressure differential between the pad faces, through a central perforation proportional 
to the rotational speed of the pump shaft, by virtue of the Newtonian properties of the 
silicone fluid employed. Since the pressure is also just sufficient to maintain the null 
position of the sphere against the acceleration-derived displacement force, pump r.p.m. 
ig exactly proportional to the acceleration component along the axis. Therefore, shaft 
angular displacement represents the time integral of acceleration, or the total velocity 
along the axis. 
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Hydraulic interaction among the three axes is avoided by making the actual volumetric 
flow througr the support pads extremely minute, most of the pump’s output being circulated 
through isolated by-pass channels external to the ball chamber. These by-pass channels 
also serve the purpose of making the total hydraulic impedance of each circuit almost 
independent of possible variations in ball-to-pad clearance, such as might be caused by a 
slightly imperfect sphere. This sharply reduces the sensitivity of scale factor to such 
gap variations, and the small error which still could exist from this cause is almost 
totally eliminated by special compensating grooves in the pad faces. 


Another important error compensation is achieved by selection of float and fluid charac- 
teristics so that, in the vicinity of the nominal operating temperature of the unit, the 
percentage change of fluid viscosity is exactly equal to the percentage change in float 
buoyancy for a smal) temperature change. Since scale factor (pump r.p.m. per unit accel- 
eration) is proportional to the quotient of buoyancy divided by viscosity, it is thus made 
nearly invariant over a small temperature range. The actual extent of the variation is 
0.0045% per (°F)?, so that a control temperature of 4 F, which is reasonably attainable, 
results in only 0.0005% scale variation. 


Positive coupling, between the pump servo motor external to the cube and the pump shaft 
itself, is accomplished by means of a pair of concentric cylindrical magnets. the inner 
one being contained within the hydraulic fluid and attached to the pump rotor. In this 
way no shaft extension pierces the wall of the accelerometer and no rotating seals are 
required. Thus the key elements of the unit (test mass, support pads, fluid and restoring 
pumps) are protected by the integrity of a perfect hermetic enclosure, while the drive 
motor, read-out device, and #11 servo electronics are externaily mounted and accessible 
for maintenance. Figure 22 shows the system in schematic form. 


Read-out is provided by a digitiser geared to each pump shaft, employing no slip rings. 
The digitiser is packaged in a Size 8 synchro case and produces 800 voltage pulses per 
pump revolution. A logic circuit switches this pulse train to a plus or minus output wire, 
depending upon the direction of rotation. The device was scaled for the particular applica- 
tion such that each pulse represented a velocity change of 0.1 ft/sec. 


The principal design features and advanteges claimed for this device are given in 
Table IV. It will be noticed once again that the principal advantages claimed for this 
approach are those of operational capability in rugged environments, leading to increased 
reliability, 


The performance of this device is shown in Table II. 


5.3 Free-Surface Accelerometer 


Such a device employs the fluid directly as the sensitive element of the instrument. 
Figures 23 and 24 show the operation and layout of such a device in schematic form. 


The free-surface accelerometer, in its most elementary form, consists of a spinning 
container partially filled with a dielectric fluid. In a zero-g field (Fig. 23(a)), the 
centrifugal forces on the fluid maintain a free surface which is cylindrical in shape, 
with an axis which coincides with the spin axis of the container. The free surface of 
the fluid, however, forms a section of a paraboloid (Fig.23(b)) when the co:.-ainer is 
accelerated along its spin axis. The free surface of the flu‘d is alco translated in the 
direction of the acceleration vector when this vector is normal to the spin axis 
(Fig. 23(c)). 


With acceleration in the direction of the container spin axis, the jntercep. of the 
paraboloid and any plane normal to the spin axis is a circle. Twu such circles are formed 
by the free surface and the end plates of the container, and the difference in these two 
circular areas is directly proportional to the applied acceleration. The difference in 
the areas is given by 
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27La, 
AA = ; (16) 
@ 
where AA = difference in end circle areas 
a = acceleration in 2 (spin axis) direction 
L = itength of fluid body 
@ = spin rate. 


When the components of acceleratjon in the plane normal to the spin axis of the con- 
tainer are ay and a, (x,y and z forming an inertial coordinate system), the 
components of displacement of the axis of the free surface relative to the spin axis of 
the contain. r arc, respectively cy and €,. inese displacements, or eccentricities, 
are directly proportional to the applied acceleration and are given by. 


ay 

“2° ue 
a 

é& = =: (18) 


Jn the presence of applied acceleration simultaneously occurring along and normal to the 
spin axis, the resultant fluid motions are superimposed; there is no cross-coupling. 


Pick-off for Acceleration Along Spin Axis 


By using a dielectric fluid, a capacitive bridge pick-off is devised to measure the 
area change of the end plate circles. This provides the output proportional to the accel- 
eration component acting along the spin axis. 


Pick-off for Acceleration Normal to Spin Axis 


To detect the translation of the free surface in response to acceleration normal to the 
spin axis, a capacitive pick-off, consisting of two split discs and one spool, is employed. 
The discs are split into two halves along a diameter, and are placed at each end of the 
container. The spool, or element, is placed at the centre of the container. Each half 
of the split disc is excited from the secondary of a centre-tapped transformer. 


Depending on the instantaneous value of the eccentricity, the amount of fluid encom- 
passed between each split plate and the output disc is unequal. Thus the output disc is 
caused to assume a voltage whose magnitude and phase is proportional to the magnitude end 
direction of the eccentricity. 


For a constant input acceleration, normal to the spin axis, the free surface will be 
displaced from the spin centre, and will remain constantly displaced in the direction of 
the steadily applied acceleration. Therefore, with respect to the rotating split-plates, 
the encompassed fluid seen by the individual plates will vary harmonically once per re- 
volution of the drive motor. The output of the pick-off is thus an a.c. voltage at the 
spin frequency. 


Use of a suitable reference generator on the drive shaft, in combination with the phase- 
sensitive detection, provides two output signals, each proportional to a cross-axis 
acceleration. 


Advantages claimed for the device just described are absence of pendulosity, i.e. the 
sensitive mass is non-pendulous, and complete isoelasticity. The optimum spin speed of 
the container is found to be quite low, which leads to higher reliability and long bearing 
life; the latter bearings are also external to the sensitive e:ements and hence can be 
quite large and weil lubricated, again leading to long life and allowing their selection 
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for high acceleration environment. In the diagram of Figure 24 it will be noticed that 
inductive slip rings (air-gap rotary transformers) are employed, eliminating metal-to-metal 
contact slip ring and brushes, thereby again extending reliability. Such an instrument 
could have been built in the same container as the fluid sphere gyro described earlier, 

and the container spin rate imparted by the same motor to give a compact gyro accelerometer 
package: the gyro shaft reference generator could also have been used as a common element 
in discriminating the cross-axis acceleration components. 


The main performance and design characteristics of the free surface accelerometer 
devices are shown in Table III. Figure 25 shows the signal-processing arrangement 
required. 


From the practical point of view a low viscosity dielectric fluid is used and large 
gap spacings, outside the pick-off region, in order to reduce phase offset in the direction 
of spin due to viscous shear. The latter is caused by relative velocity between the fluid 
void boundary and walls of the container. This latter problem can be determined and, being 
stable, can be compensated for over a wide temperature range. 


The hydraulic scale factor of the instrument is conceptually independent of temperature. 
However, in combination with the capacitive pick-off, the three axis voltage outputs are 
subject to certain temperature-dependent error sources. Specifically, these errors are 
caused by axial dimension changes in the pick-off, coupled with change of fluid dielectric 
constant as a function of temperature. 


For the geometry of the three-axis prototype, the dimensional and dielectric constant 
changes each lead to scale factor changes of approximately 0.08% per °F. Fortunately, the 
internal feedback arrangement of Figure 26, in combination with certain passive networks, 
makes it possible to trade-off one scale value change versus the other, leading to tempera- 
ture error reduced by a factor of approximately 10 to 1. 


Thus residual scale value versus temperature errors will be less than 0.008% per °F and, 
for an anticipated control excursion of + 20°F, will contribute peak scale factor errors 
of less than + 0, 16%. 


Such a device has been built and tested by the Sperry Gyroscope Company. 


6. COMBINED ANGULAR RATE AND ACCELERATION SENSING INSTRUMENTS 
Combined instruments can be envisaged; however, few have reached the hardware stage. 


One approach which has been considered is the combination of a fluid tube gyro along 
the lines already described, with a free-surface fluid accelerometer. Examination of 
Figure 15 shows that the central chamber of the fluid tube gyro, if partly filled, would 
act as a free-surface accelerometer. Such a device has been considered by Sperry. Problems 
involved are that of signal seusing and extraction of the data from the sensitive element, 
without paying the penalty of excessive design and manufacturing complications. 


7. CONCLUSIONS AND ACKNOWLEDGEMENTS 


The author would like to thank all the firms and their personne] who have contributed 
information contained within this paper. Presentation of the latest state of the art has 
been somewhat restricted by Governmental and Company security restrictions. However, it 
is believed that enough has been presented to indicate that such instructions are now 
practical hardware propositions and could have wider applications than those in the purely 
military missile field for which they were initially configured. The main advantages 
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which are likely to be claimed in the future, as the performance of these instruments 
approaches that of current solid rotor and conventional acceleration sensors, are those 
of low cost, high reliability, long life, together with freedom from g-sensitive error 
effects. 


If mention of other organisations who are active in this field has been omitted, the 
authors wish to apologise and would welcome their additional contribution. 














558 


qsynbuwin-g“9 

:3934U378q A£1198dg 
i or 
- $/2 000% 

04 ST/(8/9) 24 T°0 
= 8/2 00CZ 93 ST/3 02 
- desu [1/3 OS 
= $°0 - Sz°0 


(pamteto) 
IU /o190°0 928 /,S00 0 


- 998/006 


- T:,0% 
- : aI z 
- 1 eb x erp oz 


(s3sa3 £103p4090] 
*aqni 2491p425 ) 
souky 
sop 3u130191,4 





o4 ky 


aipy 
aqnt Pind 















PFT OF.1209TA 
aot zeTay 


Auedmoy 3371 
1938q [BVUOTIEN 
8 





kaeadwoy 3371 
1dq8g [VCOT3By 
€ 


2 0002 
s‘0 
8/2 06 









tT 
2980 OT 


14/,01 


44/01 








228 /,S0°0 
(xem 998 /,008) 
IBIUT[) 9398/,0ST 
(aB0UTT) T:,01 x € Ti,0t < $°T 
QI z ws $Z 

1 ?t x erp 29/1 8° x SIP 8b°0 


928/,500°0 1W/oS “0 











9208 /,00L 928 /,00S 
I:,01 x 9°¢ 
= 08 


16°C x Sip L°0 


(tuamdo] aaap ut 

- pazz1f 340d) 
osky 

asaydg pinig 








4osuag 
ajDy 
x97404 Pind y 


(p2111f 41340d) 
04k) 
asaydg ping 














£11009 

ot 

8/2 0008 

03 SI/(8/2) ,3 T°O 
8/2 0007 03 SI/9 oz 
Dem 11/9 0S 


2 14/920°0 
44 /,90°O 
44/5Z0°0 

23 2U/910°0 
B 10/1 “0 
19/7 ‘0 


44/970°0 
10/000 “OZ 


1,01 
atz 


SOPFSPATPIVAVY) PUT S[TEIIG VoUEMIOJ1sg OAH PIATRA [VOTALY 


I ag Tavi 












10.12 3D0} BUEN 
(208) e@t2 GOT IIBEy 





GOT IIQTA 
yous 
@) £3 tsR08TT 
fouenderj [esn4Ae0 
10 30838009 enTL 











£3TTTqQUavedar Lep-02-f0q 
WJtIp sopusy 

3341p sat II sU88-,3 
IIAP sat2{euee-3 

ITIP 2a}9{sUSs-3-TOy 


















otk) 


ene iN Be Sei 5 


ABE RENT os 








559 


B 19,sweIVd J7VI-aIN[ Js WNOGV pas; [VMOU $3zBI BIN IRg - 2304 





BZ ‘601 Bb ‘LEP waqsss8 0148-7 ‘WoysksS O143-€ ‘39981 JINT IBY 


BEG PS BQShI O148 T ‘8481 JINT IBY 
B96 Fb Bg LE (GOT ‘%S€) 10ozZOBJ TOIQUOCD AZITBND pus LT Quessy 
BES “6b 80 SOT [BIOL 
Bro BE “0 OF oP $00} 290000) 
Bb0°O i > 0 10748 | Say 
Bt0 ‘0 = + 0 JOZJOVCRD DI aBIaD 
B9°9 B9°9 z z sa0ol[ leg 
80°F = + 0 Saonpsoesy 
BS °Z - Tt oO 103812Ua3 3000193 24 
= B0'T 0 1 (1298ayq) a1ja s0sUa8 
80°C = Zz 0 Jalanod 3]1303e8 
= 80h 0 t WO} 4SZyoOxKe 
= 80°83 0 1 103R19u03 [eUdTs 
= 80 ‘OT 0 tT 190d103 
= 80° 0 1 220780q 
80°9 B0°ST T T 10308 ulds 
:S2UT puta 
20°82 80°09 SBuyIvIq usds 
oaks) o4ky 
asaydg pinny | 0449 dds auaydy pinty susuodsoy 
fu (F) Yooh /824n] wy (u) 4323uDKQ) 





wosyTsedmoy AITLIQUl toy 


Ii 31avVL 

















560 


uotyerod10g OOAV 


3.01 * ¢ 


Te? * SIP tT 


(wip ud1saq) 
4a1awosaz aooy 
zo1suadsny 
PITY Its ausoy 


£11900 

as OL 
31q/(998/33) 1-0 
3/w'd-1 OOL 

3 T aaoqe %£00'0 
31033. 017% € 
2,01 x z 

3 82 + 

Sz ‘I 

1 2p x erp fz 


4a} aw01a] ad2y 
aavfung aasg 


3/°9"PAS‘O 

3 1 aaoge %£0°0 

310373 ,.01* € 

3 ,.01 

3 OC + 

6'T 

aqnd » <« $1 * & 
433 0m94 77 amy 


aurjosdazuy 
S1IXy- 2244] 


Silamyzousnuyy 
omy. GOT ,OVAY 


103983 a[BIg 


Aq} seauy] 
Ploysaigy 
aauey 

(Qt) 34u3tom 
(at) azts 





SIIPSIIIZIVIEYD PUG S]IEIIQ JIUEWIOJ 12g 1373M013] IIIV PIRI A [VIO 


III 3T8VL 

















561 


TABLE IV 


Principal Design Features of the Three-Axis Integrating Accelerometer 


Three axes embodied in a 
single compact assembly 







Advantages 































Precision of orthogonality attained by basic design 
and manufacture; not a function of installation 
variables 


Small] size and weight 











Lower cost than three single-axis units 


Extreme rigidity of small cube guarantees no 
deformations or relative axis misalignment under 
high g stresses 

Null-type pick-off Pick-off linearity not significant 


Integration included in pump 
restoration function 


No separate integrator package required 


Linearity derived from viscous 
shear integration 


Newtonian characteristics of flotation fluid result 
in inherently linear performance 
Test mass heavily daaped Excellent vibration and shock resistance 


Non-pendulous, non-sechanical 
test mass support 


Extresely low threshold sensitivity 
No sensitive axis bies 
No cross-coupling (g*) error 


No gsechanical supporting elements to introduce 
spurious forces, coercion, etc 


No fragile suspensions subject to shock or vibration 
damage 





Output in fore of sechanicel 
ahaft rotation 


Plesibility in choice of read-ovt elements (analogue 
digital) 


Lightly loaded, slow speed 
bearings and gears 


Negligible wear ia thousands of bours of operation; 
extremely long life capability 


No metal-to-metal rubbing 
contect in scree pump assenbly 


No performance deterioration due to evar; ainieun 
self-heating of pump 











Large percentage of aluminius 
cube structure remains after 
wachining 


Excellent heat distribution within iastrwent, 
ainiaising thermal gredients 


Wigh structural rigidity: no significant ¢ 
deflections 









Few perts. rugged construction | Comparatively siaple to aanufacture ant assenble 
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Fig.1 Fluid sphere gyro. Non-floated rotor houses, liquid-filled spherical cavity. 
Uther parts are outside fluid area : 
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Fig.4 Spin imparted by a two-phase synchronous motor 
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Fig.6 Vortex rate sensor schematic 
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Fig.7 Block diagram of fluid state flight stabilisation system 
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Fig.8 Digital rate sensor schematic 
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Fig.10 Digital rate sensor performance 
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Fig. 11 Reversing bias rate sensor 
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Fig.12 Gasic rate sensor-signal processing sub-system 
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Pig.14 Fluid tube gyro scheaatic 
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Figure 15 
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Pig.16 Pumping fluid around soring-restrained torus produces fluid rotor gyro similar to 
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Fig.17 Vibratory fluid column gyro is related to version of gyro in which mercury in 
annulus is caused to change spin direction at frequency Q 
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CYLINDRICAL FREE SURFACE 
CONCENTRIC WITH SPIN AXIS 
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Figure 23 
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Fig.25  Free-surface accelerometer. Signal processing 
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Figure 26 
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